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Abstract 
The functionalization of silica derived membranes has been generally investigated by embedding 
materials into silica matrices such as templates, metal oxides or through the use of hybrid organo-
silicas. The careful selection of an appropriate material can confer silica films with molecular 
sieving properties, or create preferential adsorption sites, or enhance chemical and hydrothermal 
stability. In pursuing novel approaches, this thesis explores the synergistic effects of integrating 
surfactants and metal oxides into to the functionalization of silica matrices. To this end, cobalt 
oxide silica materials were produced using a one step sol-gel method, initially incorporating a small 
cationic surfactant (hexyl triethyl ammonium bromide) but still bearing in mind the importance of 
the microporous character of the final material. The influence of surfactant load, surfactant alkyl tail 
length and calcination temperature on material properties and membrane separation performance 
was systematically evaluated. 
 
This work shows for the first time that surfactant incorporation during sol-gel synthesis alters the 
oxidation state of the final cobalt embedded into the silica matrix after calcination. This major 
finding was evidenced by the shift of Co3O4 formation within calcined xerogels, from 45% to 
almost 80%, as the surfactant concentration increased from the reference cobalt silica 
(Surfactant/Co=0) to the equimolar mixture (Surfactant/Co=1), respectively. This finding is counter 
intuitive, as the concentration of cobalt precursor was kept constant in the sol-gel process. Further 
addition of surfactant above the equimolar ratio induced a drop in the Co3O4 phase. This synergistic 
effect between the surfactant and metal oxide is postulated to arise from the promotion of 
tetrahedral coordination between cobalt and Br (surfactant counter ion) within the as-synthetised 
materials, which alters the oxidation pathway during calcination.  
 
Based on these results, a model was proposed to explain the mechanisms leading to the changes in 
cobalt oxidation state. In the first instance when considering low surfactant concentrations, the 
tetrahedral cobalt bromide complex was more easily oxidised than its octahedral counterpart. In the 
second instance, when the Surfactant/Co ratio exceeds 1, there were additional strong interactions 
between the cobalt bromide complex and the surfactant head groups which in turn hinder the 
oxidation process. Additionally, these complex interactions also delayed the surfactant removal 
from the silica framework, thus affecting the final morphology. Furthermore, by changing the alkyl 
length of the surfactant, it was observed a direct dependency between its aggregation ability and the 
presence of these metal-surfactant interactions. 
 
II 
 
Further proof of the proposed mechanism is supported by Synchrotron work, as the initial FTIR, 
UV-Vis and XPS data was corroborated with X-ray absorption analysis. In particular, XAS analysis 
allowed for the individual cobalt species to be identified and quantified. A significant alteration in 
the cobalt phase distribution was observed as surfactant concentration increased.  The CoO phase 
was dominant within the pure cobalt silica without surfactant, whilst a secondary Co3O4 phase was 
measured at ~44%. The Co3O4 phase increased towards the equimolar ratio, thereby becoming the 
dominant phase. Above this ratio, the CoO like phase was promoted at the expense of Co3O4. 
Additionally, the EXAFS data shows the presence of Si within the nearest neighbourhood of a 
fraction of the cobalt atoms, thus suggesting that some of the cobalt exists as a Co
2+
 ion directly 
connected to the silica matrix.  
 
The second major finding relates to the cobalt phase influencing the thermodynamic properties 
associated with the sorption of gases. The isosteric heat of adsorption (Qst) for H2 increased but 
decreased for CO2 as a function of increasing Co3O4 content within the silica matrix. This trend was 
contrary with increasing Co
2+
 (or CoO) content. This additional functionality was accompanied by 
further structural changes in the silica itself. For instance, microporosity was observed for matrices 
with surfactant/Co ratios ≤1, though an increasing degree of mesoporosity was measured for ratios 
that exceeded 1. 
 
A final test of the resultant materials was carried out by investigating the performance of these 
materials as functionalised cobalt oxide silica membranes for single gas permeation of He, H2, N2 
and CO2. Temperature dependent transport related to activated transport was observed for 
surfactant/Co ratios <1, thus suggesting membrane films with a pore size distribution within the 
ultra-micropore range (2-5 Å). Interestingly, the membrane performance was consistent with the 
functionalization trends found during materials characterisation and the transport behaviour was 
identified to be an integral function of the pore size and cobalt oxidation state. Essentially, the 
separation of gases with small kinetic diameters (He and H2) from larger gases (N2 and CO2) was 
higher near the equimolar surfactant/Co ratio silica membranes, and then decreased at higher 
surfactant ratios. Coupled with activated transport and H2 and CO2 adsorption, these results strongly 
suggest that the dominant Co3O4 phase in the silica matrix offers smaller interstitial cavities at the 
metal-silica interface when compared with a those films dominated by a CoO or Co
2+
 phase. 
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Chapter 1 
1 Introduction 
1.1 Background 
Membranes for gas separation are basically ultra-selective filters which allow for the pressure-
driven permeation of gases at different rates depending upon the property of the membrane 
material. In general, membranes for gas separation can be classified into organic (i.e. polymeric), 
inorganic (i.e. ceramic and metallic), and mixed matrix categories. The first commercial membranes 
were introduced in the gas separation market in early 1980s mainly motivated by the somewhat 
successful incorporation of cellulose acetate membranes in reverse osmosis application two decades 
earlier [1, 2]. The pioneering work of Loeb et al. [3] and Reid et al. [4] in water permeation 
provided the seed for further developments in gas separation. Since then, researchers have 
concentrated major efforts in polymeric membranes development and application in various 
industrial processes including separation of nitrogen from air, hydrogen from hydrocarbons and 
CO2 from post combustion streams among many others [2]. Membrane technology performance has 
undergone major industrial deployment, taking a leading market position by 2010 [1, 5].  
However, the existence of an upper boundary for the interconnected properties of selectivity and 
permeation [6], also known as the Robeson curves, has motivated researchers to find alternative or 
novel materials within and outside the conventional polymeric membranes. In addition, the limited 
thermal resistance of polymeric membranes (typically around 100 °C) impeded the adoption of 
membrane technology in high temperature applications [5, 7]. The advent of inorganic membranes 
in the late 1980s offered an improved thermal and chemical resistance for gas separation 
applications [1, 7]. Metallic, zeolite and silica membranes are among those successfully developed. 
Metallic membranes based on Pt or Pd have shown impressive performance in separating H2, 
providing selectivity values typically over 1000 against N2, elevated flux and operating 
temperatures up to 600 °C [5]. The high production cost of Pt or Pd membranes and high chemical 
susceptibility of precious metals to certain compound such as H2S, CO and some halides, have 
contributed to a slow adoption within the industry [8, 9]. Zeolite membranes have provided 
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attractive results in gas separation dominated by size exclusion due to the highly ordered matrix and 
narrow pore size distribution. H2/N2 selectivity values around 100 and H2 permeance within the 
range 10
-7
 to 10
-10
 molm
-2
s
-1
Pa
-1
 has been reported. Nevertheless, the ordered crystalline nature of 
the matrix also implies the likely presence of random intercrystal imperfections (non-zeolitic pores) 
whereby the molecular separation ability drastically decays [1, 7, 9]. 
The advent of silica membranes in early 1990s is preceded by several precursor works in 
amorphous microporous materials, including glass, alumina and titania among others [10, 11]. The 
inherent ultra-microporous nature of the silica matrix (ranging 2-5 Å) provides the right sieving size 
for separating small gases such as He, H2, CO2, N2, CO and O2 based on molecular exclusion [9, 
12]. This, in addition to the superior chemical and thermal resistance, and a relative lower cost than 
the metallic counterpart, has helped to position silica membranes as a promising gas separation 
technology [7, 9, 11]. The subsequent improvements on membrane support, material preparation 
and silica deposition procedures have led to highly permeable and selective microporous 
membranes. Membrane permeance for small gases such as H2 were initially low around 10
-12
 and 
10
-8
 molm
-2
s
-1
Pa
-1
 in either Vycor glass [7] or silica membranes [13], though these values have 
greatly improved by several orders of magnitude to 10
-7
 and 10
-6
 molm
-2
s
-1
Pa
-1
 [14-16]. The 
Robeson’s boundary for this material was also modified allowing enhanced selectivity values 
despite the increase in permeance. For instance, H2/CO2 permselectivity increased from values 
around the ideal Knudsen selectivity (3.3) to values around 100 [14, 15]. 
The emergence of material template processes in early 1990s provided an attractive approach in 
dealing with silica tailor-ability. Since Mobil’s research team first reported ordered mesoporous 
materials (MCM 41 and MCM 48) via surfactant incorporation, several works have communicated 
an effective pore tailoring process of meso and microporous silica materials [17-19]. Due to the 
inherent enlargement of pore size induced by the templating process [20, 21], the application in gas 
separation has been focused on slightly bigger molecules [22-24]. Xomeriakis et al. [22] reported a 
minor shift of the pore size distribution (PSD) of microporous silica (average around 4 Å) to 
slightly higher values when one of the smallest cationic surfactants (tetraethyl ammonium bromide) 
was used as a template agent. The apparent shift in pore size was enough to depress the separation 
of small molecules (He, H2), but exhibited impressive performance in separating N2 or CO2 from 
larger molecules such as SF6. In addition, the incorporation of surfactant has provided enhanced 
hydrothermal stability for microporous silica when a fraction of the carbon phase is kept trapped 
within the framework rather than totally removed [25, 26]. 
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The modification of microporous silica via metal incorporation reported since late 1990s has 
conferred further thermal stability [9] to silica derived membranes. After several approaches 
incorporated a variety of metals and semi-metals [27, 28], a substantial improvement in 
performance was achieved when adding transition metals [7, 9]. Cobalt and nickel, as the two 
preferred elements, have been embedded in the silica matrix with Si/metal molar ratios ranging 
from 10 to 1 in either metallic or oxidated states [29-31]. As a general tendency, a drop in gas 
permeance can be observed in these materials with respect to pure silica, even one order of 
magnitude in some cases. However, the selectivity of smaller gases is significantly increased as a 
result of the major drop in diffusion of larger molecules, indicating a shift of PSD toward lower 
sizes. H2 and He permeance have been reported within the range 10
-8
 and 10
-6
 molm
-2
s
-1
Pa
-1
, while 
common H2/N2 selectivity values of around 200 and 500 have been reported in recent literature [29-
34]. In some cases, an improved hydrostability of membranes was achieved with cobalt oxide silica 
rather than with cobalt incorporated in a metallic state [35]. In other cases, by changing the silica 
precursor, the H2 permeance reversibly varied when the cobalt was oxidised or reduced [36].  
Although silica structural tailoring has undergone major research in the last 30–40 years for the 
preparation of silica membranes, these studies have reported separate investigations of silica and 
templates, or silica and metal oxides. A major gap in the literature is that there is no such study that 
investigates the combined tailoring effect of silica/surfactant/metal oxide materials. Based on this 
literature gap, it is postulated in this thesis that the synergistic effect of the combination of these 
materials can provide novel functionalities to silica derived membranes. Therefore, this thesis 
focuses on exploring the effect of a dual incorporation of surfactants and metal oxide into silica 
matrix. 
 
1.2 Scope 
There is a large array of transition metals and surfactants that could be incorporated into silica 
membranes. By bearing in mind that the ultimate aim of this thesis is the production of silica 
derived membranes, the one-step sol-gel method was chosen together with cobalt oxide as the 
transition metal. There is a large body of literature showing that this is a good combination to 
prepare silica derived membranes. The use of surfactants can be problematic as pore sizes may 
enlarge, rendering membranes ineffective as gas separation systems. To this end, a small cationic 
surfactant (HTAB) was preliminarily selected in order to minimise the alteration of the microporous 
character of the silica matrix. Based on this scoped work, the sol-gel synthesis was systematically 
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investigated by varying the surfactant-to-metal molar ratios and calcination temperatures. Further, 
the effect of the surfactant tail length was also investigated by changing the carbon length of the 
cationic surfactants.  
The resultant materials were fully characterised using nitrogen adsorption, FTIR, DR UV-vis, TGA, 
DTA, TGA-MS, XRD, TEM, PALS and XPS characterisation tools. To further understand the 
character of the synergistic functionalities conferred by the cobalt and surfactant embedded in the 
silica matrix, advanced characterisation was carried out in the Australian Synchrotron using X-ray 
absorption analysis. Finally, membranes were prepared by the dip-coating method and tested for gas 
separation for single gas permeation using He, H2, CO2 and N2 at various temperatures up to 500 
o
C.  
 
1.3 Key contributions 
The key research contributions to knowledge of this thesis are as follows: 
 This thesis shows for the first time that the surfactant alters the oxidation state of the cobalt 
oxide phase within the silica matrix. In the case of surfactant/cobalt loads to equimolar values, 
it is postulated that Co-Br complexes within the as-synthesised silica facilitate the oxidation 
of cobalt to Co
3+
 (Co3O4) during the heat treatment.  
 In the case of high surfactant loads in excess of equimolar values promoted the less ordered 
CoO-like structure suggesting the increase of Co
2+
 directly connected with silica matrix. It is 
further postulated that the novel Co-Br coordination promotes additional interaction with the 
excess surfactant head whereby the cobalt oxidation is inhibited. This effect was attributed to 
the high temperature removal of surfactant heads in these materials thus confirming the strong 
interactions between CoBr complexes and surfactant.  
 It is also shown for the first time that the functionalities conferred by the oxidation state of 
cobalt have altered the thermodynamic properties associated with the adsorption of H2 or 
CO2. This work shows that the isosteric heat of adsorption increases for H2 and decreases for 
CO2 with the increase of the amount of Co3O4 phase. Likewise, the isosteric heat of 
adsorption increases for CO2 and decreases for H2 as a function of the amount of CoO-like 
phase. This functional effect is attributed to oxidation state change, as H2 has a high 
adsorption affinity for Co
3+
 oxides (as CO3O4), whilst CO2 preferably adsorbs on silanol 
groups (Si-OH) such as those promoted in material with a dominant Co
2+
 oxidation state. 
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 Finally, it is also shown for the first time that the cobalt oxide phase influences the 
performance of membranes. The increased Co3O4 phase within the silica matrix provided 
higher selectivity values compared with lower values around the ideal Knudsen selectivities 
for the silica matrices containing a higher amount of disordered CoO. The smaller interstitial 
cavities within the interface Co3O4 silica compared with CoO silica was postulated as major 
contributor in promoting superior molecular sieving structures. 
 
1.4 Thesis Structure 
The main aspects covered by each chapter are described below: 
Chapter 1: Introduction 
This chapter provides background information along with the scope and research contributions to 
the relevant field. 
Chapter 2: Literature review 
This chapter presents an overview of silica membrane technology for gas separation and discusses 
the current state of art for preparation, material characterisation and performance of both modified 
and pure silica membranes. 
Chapter 3: Tailoring the oxidation state of cobalt through halide functionality in sol-gel silica 
This chapter presents a novel alteration of oxidation state of cobalt through the use of cationic 
surfactants and their halide counter ions during the sol-gel synthesis. A cobalt oxidation mechanism 
describing the synergy between metal and surfactant within the silica matrix is postulated. 
Chapter 4: Influence of calcination temperature on functionalisation of sol-gel derived 
microporous cobalt silica 
This chapter focuses on studying the effect of calcination temperature on the material properties of 
surfactant cobalt silica xerogels. A dual synergistic effect on the oxidation of cobalt and 
mesoporous structure is mainly described and discussed in tandem with the oxidation mechanism 
from Chapter 3. 
Chapter 5: Influence of surfactant alkyl length in functionalising sol-gel derived microporous 
cobalt oxide silica 
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This chapter shows the influence of size or alkyl chain length of cationic surfactants on tailoring 
both the pore morphology and oxidation state of cobalt in silica materials. The postulated oxidation 
model is validated. 
Chapter 6: Structural analysis of embedded cobalt oxide within surfactant cobalt silica. 
This chapter is focused on X-ray adsorption analysis of the resultant materials. It reports for the first 
time the quantification of the modification of cobalt phases as function of surfactant incorporation.  
Chapter 7: Single gas permeation of surfactant functionalised cobalt silica membranes 
This chapter reports the performance of surfactant cobalt silica membranes on single gas 
permeation test. In addition, gas adsorption experiments on silica materials are presented here. A 
final comprehensive interconnection between membrane performance and material properties is 
also presented. 
Chapter 8: Conclusions and recommendations 
The concluding findings of the thesis and recommendations for future work are given in this 
chapter. 
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Chapter 2 
2 Literature review 
2.1 Gas separation membrane technology 
Membranes for molecular gas separation are basically ultra-selective filters which allow the 
permeation of gases at different rates. The lower energy levels frequently involved in the operation 
have provided an economic and environmentally attractive benefit to this technology. In fact, whilst 
traditional separation processes are commonly energy intensive, membranes requires even ten times 
less energy [1]. Currently, this technology is commonly used in several industrial application such 
as: hydrogen separation, nitrogen separation from air, and CO2 removal from natural gas .However, 
these represent only a fraction of the overall possible range of applications, thereby expecting a 
promising future for gas separation membrane technology as a result of new materials development 
[2] 
Several types of gas separation membranes are currently in use. Polymeric membranes are certainly 
dominant as a result of its processability, high surface area and low fabrication cost. Nevertheless, 
the operability is restricted to low temperatures and mild chemical environments [1-3]. Conversely, 
inorganic membranes (e.g. silica and zeolites) have achieved a noticeable status due to its resistance 
to high temperatures and aggressive environments. Despite this, some relevant disadvantages are 
still deterring the massive industrialisation of these membranes, namely: moderate selectivity, 
brittleness, low pore size tailor-ability and deficient hydrothermal stability [1-7]. Alternatively, 
carbon-based membranes have provided higher operation temperatures and also nanoscale porosity, 
even reporting success in hydrogen purification via rejection process, but, high cost precursors and 
low mechanical stability are mentioned among its drawbacks [1, 3, 7]. Finally, metallic membranes 
have shown important results with gas separation, particularly in hydrogen purification. The 
noteworthy success of this is unfortunately overshadowed by the elevated cost of noble metals 
which are involved in the fabrication process [3, 8, 9]. 
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The common quality parameters in gas separation membrane technology are selectivity and 
permeance. While selectivity describes the ability to separate specific species, permeance is the 
physical rate of separation through the material. Therefore, both parameters play a fundamental role 
in the economic behaviour of the process, giving an ideal condition at high permeance and high 
selectivity. Unfortunately, these parameters behave in opposite ways, thus trading off high 
permeation flux with low selectivity and vice versa (Figure 2.1). Thus, major efforts are focused in 
the improvements of membrane properties which influence the operational efficiency. The 
development of new materials, membrane structure, thickness, configuration, for instance are 
relevant factors in this aim [1-3]. 
 
Figure 2.1: General visualization of permeance and selectivity behaviour in gas separation 
membranes. Dots represent several reported results with polymeric membranes [3]. 
 
2.2 Gas transport 
Gas transport in porous membranes takes place through several different mechanisms (Figure 2). 
Pore size distribution (PSD), temperature and pressure are some of the variables which dictate what 
mechanism dominates the transport [3, 10]. Among these, PSD certainly plays a relevant role as a 
material characteristic. Material in macropore range (greater than 500 Å) offers mainly Poiseuille 
(Equation 2.1) or laminar flow where no relevant interaction between both solid and gas phase is 
present [10, 11]. Under this regime, an increase on pore size (r) or the pressure gradient (Pm) 
strongly elevates the permeance (J), whilst the temperature (T) effect is reversely proportional. As 
pore diameter diminishes into meso (20 to 500 Å) and microporous (lower than 20 Å) region, rising 
interaction between solid phase and gas molecules promotes Knudsen diffusion. This mechanism 
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shows a weaker influence of temperature and pore size and considers the influence of gas molecular 
properties (Molecular weight M) as can be seen in Equation 2.2 [10-12]. As a consequence, lighter 
molecules of a multicomponent system permeate faster than heavier molecules, thereby promoting 
the separation. Finally, at low pore diameter (3 to 5 Å) small molecules are moved mainly as a 
consequence of strong interaction between gases and pore walls. Due to this activated motion, gas 
flux increases with temperature (Equation 2.3)  and permeation rates strongly depend on molecular 
size [3, 10, 13]. 
 
Figure 2.2: Schematic representation of gas transport mechanisms through porous material. Left: 
Poiseuille flow. Middle: Knudsen diffusion. Right: Activated diffusion [14]. 
 
𝐽 =
𝜀𝑟2
8𝜏𝑅𝑇𝜇𝐿
𝑃𝑚   (Eq.2.1) 
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𝜀𝑟
𝜏𝐿
(
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9𝜋𝑀𝑅𝑇
)
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2⁄
  (Eq.2.2) 
𝐽 = 𝐽0𝐸𝑥𝑝 (−
𝐸𝑝
𝑅𝑇
)  (Eq.2.3) 
Separation of gases is consequently feasible when porous materials ranging from mesoporous to 
microporous sizes are considered. Table 2.1 displays some theoretical Knudsen selectivities for 
hydrogen and helium separation from several industrial gases. Although these values are extremely 
low when are compared with those obtained from activated transport, they represent a lower limit of 
separation. Taking into account the high selectivity with small gas molecules, activated transport is 
the desired mechanism in molecular sieving. Thus, microporous materials are the preferred ones in 
this purpose. 
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Table 2.1: Knudsen selectivities for separation of gas A (H2 or He) from gas B.  
Gas A Gas B 
 H2 He CH4 N2 CO O2 Ar CO2 
H2 1.00 1.41 2.83 3.74 3.74 4.00 4.47 4.69 
He 0.71 1.00 2.00 2.65 2.65 2.83 3.16 3.32 
 
In the activated transport, the mobility of a molecule through micropores is mainly governed by a 
surface diffusion mechanism. Due to the reduced space within pore walls and the extended surface 
area, gas molecules are absorbed on the support with an energy release (ΔHs). Then it is believed 
that gas transport involves a series of jumps between adsorption sites, trespassing energy barriers 
along the surface (ED) (See Figure 2.3) [10, 11, 13, 15].   Thus, the overall transport mechanism 
(Equation 2.3) is dominated by apparent activation energy (Ep) which can be expressed as a 
combination of both involved energies, adsorption (ΔHs) and the diffusional energy barrier (ED) as 
is shown in Equation 2.4.  The incorporation of the isosteric heat of adsorption (Qs) as the opposite 
of DHs gives a final expression for activated transport (Equation 2.5). 
 
Figure 2.3: Squematic representation of activated transport through small pores.  
𝐽 = 𝐽0𝐸𝑥𝑝 (
−∆𝐻𝑠−𝐸𝑑
𝑅𝑇
)  (Eq.2.4) 
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𝐽 = 𝐽0𝐸𝑥𝑝 (
𝑄𝑠−𝐸𝑑
𝑅𝑇
)  (Eq.2.5) 
From Equation 2.5 it can be seen that a small heat of adsorption (QS) likely induces an increase of 
permeation with temperature, due to a negative resultant on the exponential (Ep<0). This can relate 
to a low desorption of molecules at high temperatures and hence a higher energy to jump into 
nearby adsorption sites, thereby promoting the transport. Figure 2.4 depicts the increasing 
permeance as function of temperature for small molecules (He, H2 and Ne) through a silica thin 
film. On the other hand, a higher Qs may imply a higher desorption at high temperatures and 
consequently low quantity of molecules absorbed on the surface. A likely decrease of permeation 
with temperature is expected under this latter condition (Ep>0) as can be observed in Figure 4 for 
large molecules. 
 
Figure 2.4: Activated permeation of different gases through silica thin layer from the work reported 
by Oyama et al. [11]. Silica monolayer of 50 nm thickness placed by chemical vapour deposition on 
alpha alumina support previously covered by 170 nm layer of gamma-alumina. 
 
2.3 Silica Membranes 
Among inorganic membranes, silica materials have been vastly investigated mainly because of their 
high processability and scalability, two attractive characteristic for industrial application [3]. Pore 
size distribution and thickness can be tailored in an accurate way through variation in preparation 
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method [16-18]. As a polymeric silicate, silica membrane offers an amorphous porous matrix with a 
pore size in the microporous region, thereby promoting permeation of smaller molecules [3, 6, 7]. 
Additionally, the silica matrix presents an outstanding resistance in adverse chemical environments 
and at high temperature [2, 5]. 
The sol-gel process is one of the most appropriate method to prepare porous silica [3, 10, 19, 20]. 
The process is based on the substitution of organic or inorganic ligands which are connected to 
silicon atoms, through hydrolysis (Equation 2.6) and condensation (Equation 2.7) reactions in 
aqueous or mixed solvents. Certainly, alkoxy groups as organic ligand are the preferred promoter of 
porous matrices because of their high reactivity in aqueous environment [21]. Regularly, the initial 
preparation stage consists of a reactive sol where both reactions take place. Several partially 
hydrolysed and condensed species are obtained as a result of a number of factors which govern the 
overall process, namely: water-silicon ratio, choice of catalyst (acidic or basic) and solvent 
concentration. Clearly, this reaction outcome provides variability to the final structure of the matrix. 
After sol production, a drying step is considered in xerogel preparation in order to get the required 
gel phase through solvent evaporation and extended condensation [10, 22]. On the other hand, 
membrane production involves a thin layer deposition through a dip coating step. Lastly, calcination 
at temperatures higher than 400 °C is frequently involved, removing residual inorganic compounds 
and facilitating further condensation [10, 23]. 
𝑆?⃛? − 𝑂𝑅 + 𝐻2𝑂
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→     𝑆?⃛? − 𝑂𝐻 + 𝑅𝑂𝐻 
(Eq.2.6): Hydrolysis reaction  
𝑆?⃛? − 𝑂𝐻 + 𝑆?⃛? − 𝑂𝐻
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→     𝑆?⃛? − 𝑂 − 𝑆?⃛? +𝐻2𝑂 
𝑆?⃛? − 𝑂𝐻 + 𝑆?⃛? − 𝑂𝑅
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→     𝑆?⃛? − 𝑂 − 𝑆?⃛? +𝑅𝑂𝐻 
(Eq.2.7): Condensation reactions  
The formation of microporous silica matrix strongly depends on the preparation methods and 
subsequent treatments. In fact, low branched structure with pores in micro size region is typically 
achieved by acidic route, while large pores are obtained through basic one. The difference in 
hydrolysis mechanism of both routes generates an alteration of crosslink degree in the polymeric 
silica structure [22]. Moreover, the distribution of less condensed species as a well known pore 
tailoring agent, mainly depends on a delicate equilibrium between matrix stiffening and shrinkage 
process through aging and drying process [23, 24]. In this direction, procedures involving two 
sequential hydrolysis steps have shown improved silica material for gas separation purposes [24]. 
Chapter 2 
15 
As well, the desired active character of microporous silica for several applications is mainly 
triggered by similar species (silanol groups) [10, 23, 25]. Therefore, the required reproducibility of 
material properties has certainly been a complex challenge due to the high number of variables 
involved. Despite this, the PSD in acid-catalysed silica can typically be obtained in the low range of 
the micropore region between 3 to 10 Å [6, 24]. 
Silica membranes for gas separation are commonly based on a thin layer technique over a porous 
support. The support provides adequate mechanical stability and low resistance to gas permeance, 
whereas the thin layer (thickness lower than 100 nm) supplies the desirable molecular sieving 
character [3, 6, 22]. In fact, silica membranes have reported quite interesting permeance and 
selectivity of small molecules [3, 6, 10, 22, 24]. 
Gas separation with silica membranes has positively recorded an activated flow of small molecules 
due to the extraordinary PSD of silica, often possessing a large number of pores below 5 Å [6, 22, 
24]. Consequently, the separation of helium or hydrogen from large gas molecules is the most 
successfully reported in literature due to their lower kinetic diameters (Figure 2.5a). Furthermore, 
the high thermal resistance of silica and the dominant activated transport both, help to improve the 
separation performance of small molecules at high temperatures. Nevertheless, permeation and 
selectivity of silica membranes are lower than other membrane technologies, e.g. dense metal 
membranes [3] ( Figure 2.5b). 
 
Figure 2.5: Permeation and H2 selectivity for different membrane materials. (a) Evidence of 
facilitated permeation of small molecules through several silica membranes. Hollow markers: da 
Costa et al. [24]. Filled circle: Duke et al. [26]. Filled diamond: de Voa et al. [6]. Filled square: 
Uhlhorn et al. [22]. (b) General overview of hydrogen separation through different membrane 
technologies.[3, 27, 28]  
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2.4 Hydrothermal Stability 
Despite the promissory results in gas separation, the operational stability of the permeance and 
selectivity of microporous silica has been cited as a major concern by several researchers [3, 6, 8, 
16, 26, 29-32] . Water environments, in particular, have been identified as one of the most 
frequently encountered industrial conditions that detrimentally alter the silica network structure. A 
reduction of surface area and change in pore size distribution are the two most commonly affected 
physical properties. Table 2.2 shows surface area reduction higher than 75% on some reported silica 
membranes after a few hours of vapour exposition.  Thus, undesirable outcomes in gas separation 
occur, such as a reduction in permenace even greater than 90% [12, 26] and a significant drop in 
selectivity [3, 26, 29]. 
Table 2.2: Reported alteration of BET surface area on pure silica membranes after steam exposition. 
Property Fotou et al. [29] Uhlmann et al. [4] 
BET surface before  604 260 
BET surface after 142 35 
Hydrothermal 
conditions 
600 C, 30 h 500 C, 14h 
Variation -76.5% -85% 
 
The degradation mechanism of silica under water attack has been extensively discussed. One of the 
most accepted interpretations is based on the hydrophilic character of silica matrices. Silanol groups 
provide strong active sites which can capture free water molecules via hydrogen bridges. The bound 
water can then hydrolytically break nearby siloxane bonds, eventually inducing mobility to pore 
wall silicates [3, 23, 32, 33]. Therefore, small pores tend to collapse, thereby changing the overall 
pore size distribution in an irreversible process (Figure 2.6) [33].  
Interestingly, silanol groups seem to play a double functionality in silica structure. Whilst these 
groups are definitely necessary in the pore tunning process, they also introduce the major weakness 
of porous silica under normal operational conditions [23, 32, 34]. 
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Figure 2.6: Proposed mechanism of hydrothermal effect on small pores. Free water molecules are 
trapped by active silanol groups, promoting the dehydroxilation of siloxane groups and inducing 
mobility. [33]. 
Several attempts to improve microporous silica membranes have taken place over the last two 
decades. Among different approaches, the incorporation of either metal or surfactant templates has 
definitely reported outstanding results [12]. 
 
2.5 Metal Doped Silica 
First attempts of metal introduction in silica membranes were reported more than twenty years ago. 
The influence of metal doping on microporous materials was initially explored, showing a moderate 
improvement in stability and tailorability with some metalloid oxides [29, 35]. However, transition 
metals and their corresponding oxides have certainly reported major success in this aim. Cobalt and 
nickel, as the two preferred elements, have been embedded in the silica matrix in a metallic or 
oxidated state [5, 8, 30-32]. Although the well known coordination ability of transition metals may 
play a role, the understanding about metal influence on silica structure still remains imprecise [3, 
31, 36]. Auspiciously, the appreciable interest in cobalt containing porous materials across several 
different application (e.g. catalysts, magnetic materials, gas sensors), has revealed new 
understandings about the interaction between metal species and the silica matrix [37-48]. 
Several introduction methods of transition metals into silica materials have been reported (e.g. wet 
impregnation, incipient wetness, sol-gel). Nevertheless, in membrane production this process is 
mainly achieved through simultaneous synthesis in a sol-gel method [3, 30]. Inorganic salts are 
vastly used as a metal source (e.g. containing anions such as NO3
-
, SO4
2-
, Cl
-
) in a extended range of 
composition (0 to 50% mol, on a metal to Si basis) [8, 31, 32, 49, 50]. Once sol gelation is obtained 
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as either a thin layer or xerogel powder, the desired oxidation state of metal is achieved through 
heat treatment. Vacuum or inert gas atmospheres are required when a metallic state is desired [3, 
30]. Conversely, calcination in an air atmosphere is preferred in order to get oxidated states inside 
silica matrices. Additionally, metal silicates are promoted when some organic additives are 
introduced into the sol-gel process, as was suggested by Stoia et al. [51]. 
Cobalt or nickel incorporation certainly produces structural modification of the silica matrix. Figure 
2.7 illustrates the reported reduction of BET surface area by Igi et al., when cobalt concentration is 
increased [31]. Also, Esposito et al. showed an important drop in surface area as a consequence of 
rising cobalt concentration [37]. Concordantly, several researchers have communicated similar 
tendencies when cobalt is incorporated in mesoporous silica materials such as:  MCM 41, MCM 48 
or SBA 15 [47, 49, 52]. Hence, it seems that adsorbed cobalt particles induce a blocking process on 
small pores, changing the overall pore size distribution of the matrix. 
  
Figure 2.7: Surface area change with cobalt incorporation. Left: Igi et al. [31]; Right: Esposito et 
al.[37]. 
Silica membranes doped with cobalt or nickel has been widely tested for the separation of small gas 
molecules such as hydrogen or helium. Despite some specific successful results [31], the general 
tendency shows a drop in gas permeance, even one order of magnitude lower (Figure 2.8a) [32]. 
However, the selectivity of smaller gases is noticeably increased (Figure 2.8b) as a result of the 
major drop in diffusion of larger ones [5, 8, 30-32]. Interestingly, the transport of small gases 
through cobalt-doped silica membranes indicates a similar activated transport mechanism to pure 
silica membrane, with an increase in gas flux as a growing function of temperature [4, 8, 31, 32].  
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Figure 2.8: Gas separation performance of cobalt and nickel-doped silica and pure silica 
membranes. (a) H2 permeance. (b) H2/N2 Selectivity. Solid markers: metal-doped silica; Hollow 
markers: pure silica.[4-6, 8, 22, 24, 26, 31, 32, 53] 
The improvement of hydrostability in microporous silica is undoubtedly the most important benefit 
of transition metal introduction. Cobalt and nickel have proven successful in this aim, by hindering 
the reduction in permeance and selectivity of small gases that typically occurs following steam 
exposure [8, 30-32]. Battersby et al. reported substantial evidence of this improvement in 
hydrostability for silica materials. While pure microporous silica became more mesoporous after 
exposure to steam atmosphere for hundred hours, cobalt-doped silica retained microporosity (Figure 
2.9) [32, 54]. Concordantly, both Kanezashi et al. with nickel oxide and Igi et al. with cobalt oxide 
silica, registered enhanced behaviour after hydrothermal treatment. Permeance of helium and 
hydrogen remained slightly at the same original level, while selectivity was increased almost 100% 
[8, 31]. Lastly, although both metallic cobalt and cobalt oxide silica membranes have reported 
excellent improvements, a significant superiority of oxide containing silica was stated by Uhlmann 
et al. [4]. Figure 2.10 depicts a major drop in the surface area of metallic cobalt silica after three 
hours steam exposure, whereas cobalt oxide silica retains over 50% of its original surface area. 
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Figure 2.9: Nitrogen adsorption isotherms of pure silica membrane (SiO2) and cobalt containing 
silica (Co-SiO2) after 100 hr of steam exposition at 200 °C [32]. 
 
Figure 2.10: Hydrothermal effect on surface area of metallic cobalt silica (hollow square) and cobalt 
oxide silica (solid square) after steam exposure at 6 g/hr and 500 °C [4].  
 
2.6 Incorporation and oxidation of Cobalt 
Despite the remarkable improvement in hydrostability performance of metal-doped silica, the way 
that the metal oxide influences the silica matrix is yet to be properly explained. Recently, research 
into cobalt-doped porous silica has revealed a diverse range of interactions between the metal and 
the silica matrix [37-40]. Esposito et al. suggested the presence of several different metal oxidation 
states in calcined cobalt-doped silica xerogels. Intriguingly, they showed that only a fraction of the 
overall cobalt was oxidised into Co3O4 (the thermodynamically preferred oxide), remaining an 
important part attached to the matrix as discrete Co
2+
 or incorporated as silicate (Table 2.3) [37]. 
The abundance of cobalt tetroxide in calcined xerogels is strongly dependant on the overall cobalt 
concentration (Figure 2.11a), even showing no detectable evidence below 10% molar (on a Co+Si 
basis) [31, 37-39, 45, 55]. Igi et al. noticed from XRD analysis that cobalt oxide amount inside 
silica matrix does not show further increase at concentration larger than 20% molar (on a Co+Si 
basis) (Figure 2.11b). Therefore, it is possible to conclude the presence of two main cobalt species 
at least within calcined silica. Firstly, Co3O4 (Co
3+
:Co
2+
 = 2:1) as either finely dispersed particles 
(5-20 nm) [31, 37, 38, 40, 56] or large aggregates (50-100 nm) depending on the overall cobalt 
concentration [38, 56-58]. Secondly, Co
2+
 tetrahedrally coordinated with different ligands in the 
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silica matrix, such as oxygen atoms in silanol, siloxane or silicates groups [31, 37, 38, 43, 50, 55, 
56]. Consequently, the reduction of hydrophilic character of silica could be promoted by any of 
these species or a combination of both. 
 
Figure 2.11: Evidence of Co3O4 phase in cobalt containing silica. (a) Left: XRD spectrum for three 
different Co composition (hollow triangle: cobalt tetroxides peaks), from Esposito et al. [37]. (b) 
Right: XRD intensity of Co3O4 major peak as a function of Co composition, from Igi et al. [31]. 
 
Table 2.3: Distribution of cobalt as a different species inside calcined doped-silica xerogels. Data 
from temperature programmed reduction analysis [39].  
Co concentration 
(%mol as Co+Si basis) 
Co3O4 Co silicate Co as Co
2+
 
20 15.7% 38.4% 45.9% 
30 76.3% 9.5% 14.2% 
 
Cobalt is normally incorporated as Co
2+
 within silica framework when a cobaltous salt is considered 
as precursor in a chemical incorporation method (e.g. sol-gel process). The preferred early 
connectivity between the metal and silica is a hexa-coordinated configuration (see Figure 2.12a), 
taking ligands from silica groups or free solvent molecules (e.g. water, ethanol). This typical 
coordination is clearly observed on UV-Vis spectrum peaks at 490 and 530 nm (Figure 2.13b) and 
characterized by a pale-red/pink colour [50, 55, 59, 60]. Further heat treatment of dried xerogels 
reduces the coordination number into a tetrahedral configuration (Figure 2.12b) which is visualized 
as a triplet of peaks at 525, 575 and 650 nm (Figure 2.13a) on UV-Vis spectra and a characteristic 
pale blue colour [41, 43, 60]. Under an oxidative atmosphere, this structural modification is 
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followed by oxidation of cobaltous ion into Co
3+
 state and the formation of the preferred oxide 
compound (Co3O4) [61]. The presence of the spinel structure of cobalt tetroxide is accompanied by 
an intense black colour and strong UV absorbance at 400 and 700 nm (See Figure 2.13c) [37, 45, 
60, 62]. The required temperature for this latter transition between coordinated cobaltous ion and 
tetroxide phase depends on several factors. Recent works have reported almost an entire tetroxide 
phase at 400 °C when high load is considered (higher than 30 %mol), whilst tetra-coordinated Co
2+
 
is still a dominant phase at lower concentration (See Figure 2.13c) [37, 39]. In addition, the 
dominant oxidation state of cobalt within silica also depends on the counter-ion. Several works with 
common precursor salts such as nitrate, acetate or sulphate have reported dissimilar oxidation 
degree due to different interaction between the incorporated cobalt and silica framework [56, 63, 
64] . 
 
Figure 2.12: cobalt coordination model within silica framework. 
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Figure 2.13: DRUV-Vis spectrum evolution of cobalt silica xerogels. a) influence of calcination 
temperature on low cobalt load silica xerogel from RT (1), 100 °C (2), 150 °C (3), 200 °C (4), 300 
°C (5) and 470 °C (6) [41]. B) As-synthetised xerogel with 20 %mol and 30 %mol cobalt load 
showing octa-coordinated peaks [37]. C) Calcined xerogels at 400 °C showing a mixed presence of 
Co3O4 and tetra-coordinated Co
2+
 depending on overall cobalt load [37]. 
 
2.7 Surfactant Template Silica 
Similar contribution to improve pure silica membranes has been provided by template process 
through not covalently bonded species [16, 17]. Since Mobil’s research team first reported ordered 
mesoporous materials (MCM41 and MCM 48) via a surfactant template process, several works 
have communicated an effective pore tailoring process of meso and microporous silica materials [9, 
16-18, 65]. Tuneable pore sizes and shapes have been developed for several applications, such as 
molecular sieving [26], catalysis [48, 60], gas sensing and selective adsorption [66]. In addition, an 
improvement in the hydrostability of microporous silica due to the introduction of surfactant 
templates has been reported by several researchers [19, 26, 33]. 
Surfactants, as a general class of compounds, are organic molecules which have the interesting 
ability to be absorbed at interfaces, thereby imparting considerable modifications on the physical 
properties of the materials involved. Certainly, the reduction of surface tension represents the most 
attractive property, promoting an increase of surface area between phases [17, 67]. This latter 
characteristic is mainly as a consequence of the amphiphilic nature of surfactant molecules, 
combining both polar and non-polar groups. Another exceptional property is the tendency to form 
aggregates (micelles) as is depicted in Figure 2.14. This apparently entropic paradox is mainly 
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triggered by hydrophobic forces between alkyl surfactant tails and polar solvent molecules [16, 17, 
67]. The aggregation process is mainly governed by surfactant type, concentration (critical micelle 
concentration, CMC) and solvent polarity [67-72]. Figure 2.15a illustrates the inverse dependency 
between CMC of alkyl ammonium bromide series and length of alkyl tail in different solvents. 
Also, the presence of counter ion species introduces a noticeable reduction in CMC [70, 73], 
promoting the formation of micelles at lower surfactant concentration (Figure 2.15b) . 
 
Figure 2.14: Micelle formation diagram. At low concentrations only surfactant monomers are 
present in an ideal solution. Surfactant concentrations larger than CMC value produce several 
different aggregated species. 
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Figure 2.15: CMC behaviour for alkyl ammonium bromide surfactants. (a) CMC dependency on 
number of tail carbons and solvent [68-71, 73]. (b) CMC dependency on counter ion concentration 
of dodecyl and decyl ammonium bromide surfactants.[70] 
The production of template silica materials generally involves the incorporation of surfactant 
species during the sol-gel process [16, 17]. Mesoporous template silica synthesis typically considers 
a micelle formation as a first stage, followed by the addition of silica pre-cursors. As a result, the 
silica structure forms around surfactant aggregated species shown in Figure 2.14, thereby adopting 
the desired shape [16, 17, 74]. Conversely, in microporous template silica synthesis, silica 
polymerisation is preliminarily carried out followed by the introduction of surfactant (e.g. 
commonly an alkyl ammonium halide with a low carbon number) [18, 19, 26]. Therefore, discrete 
amphiphilic surfactant species are absorbed into the existing silica matrix. Finally, the template 
process requires the removal of surfactant species from the matrix. This latter process is mainly 
achieved through either a calcination or solvent extraction mechanism [16, 17]. 
Consequently, the adsorption of surfactant into the silica matrix plays a relevant role in the 
micropore templating process. The adsorption process is strongly influenced by electrostatic forces 
between active sites on silica surface and the charged head group of ionic surfactants [67, 73, 74]. 
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In this way, the adsorption depends on pH and the presence of ionic species, thus defining four 
main routes for ionic surfactants (Table 2.4) [16, 17]. The amphiphilic nature of surfactant 
molecules dictates a more complex absorption mechanism which has been interpreted by Atkin et 
al. through a two steps model [73]. They suggested a first step involving a traditional monolayer or 
Langmuir adsorption, followed by a secondary step involving early aggregates formation (proto-
micelles or hemi-micelles) at surfactant concentrations lower than its CMC (Figure 2.16) [73]. 
 
Figure 2.16: two steps model of amphiphilic surfactant adsorption in porous silica [73]. At low 
concentrations (C) the adsorption (Γ) of discrete surfactant species takes place (I), reaching a 
plateau due to a surface saturation (II). Further increase in concentration induces the formation of 
proto-micelles as early aggregated species, until reach the full aggregation state at CMC (IV). 
 
Table 2.4: Surfactant adsorption mechanism in silica matrix [16]. (S: ionic surfactant;  I: ionic 
silicate species;  X: Cl
-
 , Br
-
, I
-
 , SO4
2-
, NO
3-
). 
Route Interactions Conditions 
S
+ 
I
- Electrostatic, Coulomb Basic 
S
- 
I
+ Electrostatic, Coulomb Aqueous 
S
+ 
X
-
 I
+ Electrostatic, Coulomb, Double layer H bond Acidic 
S
- 
X
+
 I
- Electrostatic, Coulomb, Double layer H bond Basic 
 
Undoubtedly, the porosity control in porous material has been enhanced by the addition of 
surfactants. Raman et al. has stated an almost linear dependency of final pore size and surfactant 
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alkyl chain length (Figure 2.17a) [17]. Similarly, surfactant concentration can be varied in order to 
determine the overall pore shape (amorphous, hexagonal, cubic, etc) through the formation of 
different aggregate species (Figure 2.14) [16, 17]. Also, the removal of template plays a non-
negligible role, providing a fine tuning of final pore dimensions (Figure 2.17b) [17]. Another 
interesting effect takes place on microporous silica, several researchers have reported a clear 
enlarge of surface area as a rising function of surfactant alkyl chain length, showing an almost 
threefold increase compared with pure microporous silica (Figure 2.18) [9, 26, 34, 75]. Thus, 
microporosity can be obtained with templated silica by using shorter-chain surfactants (lower than 
10 alkyl carbons in alkyl ammonium halide series) or lower concentration of larger-chain 
surfactants (i.e. below CMC). 
 
Figure 2.17: Pore size tailoring with quaternary ammonium surfactants on silica [17]. (a) Left: 
average pore size v/s alkyl length. (b) Right: template removal effect on pore size. 
 
Figure 2.18: Nitrogen adsorption isotherms and surface areas of alkyl ammonium bromide 
surfactants with different alkyl lengths [34]. Blank: pure microporous silica; C6: hexyltriethyl 
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ammonium bromide; C12: dodecyltrimethyl ammonium bromide; C16 cetyltrimethyl ammonium 
bromide. 
Gas separation experience has been vastly reported based on template mesoporous silica rather than 
microporous. However, a limited number of studies with surfactant silica in micropore region have 
shown slightly lower permeance and selectivity levels than standard silica membranes, after testing 
with smaller gases (H2, He) [19, 26, 33]. Interestingly, Tsai et al. reported an improved performance 
in gas separation when template silica was used as interlayer [19] (Figure 2.19). Therefore, it seems 
that the previously mentioned raise in surface area introduces a reduction of sieving behaviour with 
small gases. Nevertheless, this performance is clearly positive for larger gas molecules (N2, CO2, 
CH4) as was noticed by Xomeritakis et al. [7]. 
 
Figure 2.19: Comparison of hydrogen permeance through pure silica and surfactant-silica 
membranes. Hollow circle: standard silica membranes. Filled square: surfactant-silica reported by 
Duke et al. [26]. Filled diamond: surfactant-silica as interlayer from Tsai et al. [19]. 
Lastly, the enhanced stability of microporous silica towards wet environment has definitely been a 
notable contribution of the surfactant templating process. Tsai et al. earlier postulated this outcome 
for a template silica interlayer where cationic surfactant was removed via vacuum calcination [19]. 
Similarly, other authors have reported the generation of less hydrophilic silica following the 
carbonisation of surfactant under vacuum (Figure 2.20a) [26, 33, 34], consisting of almost twice 
fully condensed silica groups (Q
4
) than pure microporous silica [75]. Moreover, the gas separation 
performance of these materials was noticeably improved after hydrothermal treatment compared 
with conventional microporous silica membranes (Figure 2.20b) [26, 33]. Thus, the formation of a 
carbonised phase, as a consequence of the partial surfactant removal from the matrix, introduces 
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hydrophobic domains which prevent the hydrolytic attack of siloxane bonds during steam exposure, 
thereby enhancing the pore stability [33]. 
 
Figure 2.20: Comparison between pure silica (MMS) and surfactant templated silica (CTMSS) 
xerogels. (a) Water adsorption [33]. (b) Permeance and selectivity behaviour before and after 
hydrothermal treatment [26] 
 
2.8 Expected Outcomes  
The combination of both surfactant and cobalt inside microporous silica has not been reported yet. 
However, a few publications in the last decade have communicated the incorporation of cobalt 
inside mesoporous silica. Vralstad et al. [49] and Katsoulidis et al. [52] mentioned surface area 
reduction in ordered MCM 41 and MCM 48 materials, as a result of cobalt introduction via sol-gel 
(Figure 2.21). Pore enlargement and phase transition of ordered materials was registered as well, 
changing the overall shape into mostly amorphous at large cobalt concentration [49, 60]. Also, 
Katsoulidis et al. noticed an alteration of chemical reaction behaviour over thermal treatment of 
xerogel [52]. Figure 2.22 shows the rise of a new exothermic peak at high cobalt content (sample 
E). Hence, it seems that cobalt creates a similar strong links with silica as has been evidenced in 
cobalt containing silica materials, despite the surfactant presence in the matrix. 
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Figure 2.21: BET surface area reduction in ordered mesoporous material after cobalt incorporation 
[49, 52]. 
 
Figure 2.22: Change in reaction pattern over thermal treatment in cobalt containing MCM 41 
material. From top to bottom, increasing cobalt concentration in mesoporous MCM 41 material 
[52]. 
Recently, a likely interaction between surfactant and incorporated metal within mesoporous silica 
has been suggested by some authors.  Goworek et al. [76] reported an altered decomposition 
process of ammonium bromine surfactant over MCM41 production due to the presence of 
chemically incorporated aluminium. Higher load of Al induces a shift into higher temperatures on 
CTAB decomposition, even modifying some of the released compounds during the heat treatment. 
Concordantly, de Souza et al. [77]  confirmed this alteration throughout the thermal treatment  of Al 
doped  MCM41. Figure 2.23 depicts the alteration of the energy flow from a typical two exothermic 
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steps into a single step when Al is incorporated. Furthermore, the alteration was also detected when 
La and Ce were chemically incorporated instead of Al. As a result, it was suggested a likely 
alteration of the mechanism whereby ammonium surfactant decomposes within the silica matrix. 
The expected mechanism on pure silica material involves an initial rupture of surfactant monomer 
through an endothermic Hofmann degradation process (Eq. 2.8) followed by simultaneous 
fragmentation, pyrolysis and oxidation (Eq. 2.9) [78-80]. Under this conditions the overall 
decomposition activity is basically completed around 400 °C as it can be observed on Figure 2.23a. 
It is believed that incorporated metal discourages the Hofmann degradation process and promotes 
an early fragmentation/pyrolysis of aliphatic groups and further oxidation [76, 77]. 
 
Figure 2.23: Thermal and gravimetric evolution of MCM41 mesoporous material throughout air 
calcination reported by de Souza et al. [77]. The energy flow of chemically incorporated Al (a), La 
(b) and Ce (d) substantially differ from standard material (a). 
 
 
 
(Eq.2.8): Hofmann degradation mechanism 
C6H13 
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(Eq. 2.9): Normal further decomposition of Hofmann products in air (below 450 °C) 
Finally, the collected information about the two approaches in order to improve microporous silica 
material (cobalt and surfactant) allows inferring some interesting properties of a novel incorporation 
of both components. Firstly, a less variable porosity configuration could be expected due to the 
contrary effects reported mainly on surface area. Consequently, the ability to tailor the silica matrix 
might be positively enhanced. Additionally, a new silica material might preserve the appreciated 
benefits on hydrothermal stability which were reported by both approaches. Nevertheless, the 
required production procedures to reach these separate benefits depend on two entirely divergent 
mechanisms. The necessary calcinations in air atmosphere in order to get cobalt oxide phase should 
lead to the total removal of surfactant, avoiding the formation of a carbon phase which is desired in 
surfactant template procedure. 
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Chapter 3 
3 Tailoring the oxidation state of cobalt 
through halide functionality in sol-gel silica 
 
3.1 Introduction 
In this chapter a novel functionality of cobalt silica material was unveiled as a result of the 
incorporation of a cationic surfactant. The oxidation state of the embedded cobalt was tailored by 
changing the surfactant load. A novel oxidation model was subsequently postulated describing the 
influence of a new coordination between cobalt and halide within the as-synthetised materials. 
 
3.2 Contributions 
Chapter 3 is included as it appears in Scientific Reports, 2013, 3. This chapter is wholly my own 
work with the exception of the contributions by Prof. João C. Diniz da Costa, Dr. Christelle Yacou 
and Dr. Simon Smart in the advisory capacity. 
 
3.3 Supplementary information 
It is included in Appendix A as it appears in Scientific Reports, 2013, 3. 
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Chapter 4 
4 Influence of calcination temperature on 
functionalisation of sol-gel derived 
microporous cobalt silica 
 
Abstract 
This chapter focuses on studying the effect of calcination temperature on the material properties of 
surfactant cobalt silica xerogels. Experimental results revealed that no significant changes are 
detected on the structure and cobalt state beyond 400 °C for samples with low surfactant loads 
(Surfactant/Co≤1). Mesopore volumes and Co3O4 phase showed almost similar values for 
calcination temperature from 400 to 600 °C. In contrast, the incorporation of an excess amount of 
surfactant (Surfactant/Co≥2) induced a delayed evolution of both properties beyond 400 °C, 
strongly suggesting an influence of the additional interactions between Co-Br complexes and 
surfactant. It was postulated in this chapter that this additional metal-surfactant interaction induces a 
dual influence on the evolution of material properties throughout the heat treatment, partially 
inhibiting the oxidation of cobalt and significantly altering the mesoporous structure due to 
surfactant removal at temperatures in excess of 500 °C. 
 
4.1 Introduction 
The incorporation of either surfactant or cobalt oxide has been extensively reported in the literature 
for producing functional silica materials. The functionality of surfactants  as pore directional agents 
is well-known in the preparation of ordered silica matrices, thus providing enhanced materials for a 
broad number of applications such as catalyst supports, molecular sieves and nanomaterial 
templates, amongst many others [1, 2]. The cobalt incorporation into silica plays a significant role 
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in optimising the catalytic performance by conferring high efficiency and stability as a Fischer-
Tropsch catalyst [3, 4]. Cobalt oxide has also gained recognition as a thermal and hydro-thermal 
stabiliser of microporous derived silica membranes [5-7]. Despite the achievements of these two 
functionalisation pathways, the synergetic effect of their combination within silica matrices has not 
been explored until recently (see Chapter 3). 
Recently, the incorporation of both cationic surfactant and cobalt within microporous silica 
unveiled a novel tailoring effect on cobalt oxidation and porous structure [8]. It was reported that 
the oxidation of cobalt is promoted at low surfactant concentration, whilst the structure was kept 
within the micropore range. As a result, when the cobalt oxidation changes, it is postulated that the 
structural configuration within the silica matrix will undergo different evolution in the formation of 
the resultant material as a function of the processing conditions such as the heat treatment. The 
simultaneous evolution of metal oxidation, surfactant removal and silica condensation may be 
influenced by mutual synergistic effects. This becomes of interest when considering the crucial role 
of heat treatment, given the desired material functionality for further applications [9, 10]. The 
tailorability of surfactants on porous structures is highly dependent on surfactant removal 
throughout the heat treatment, in addition to the size of the precursor surfactant. For instance, the 
precise control of pore size can be achieved by regulating different variables of the removal process 
[10]. Further, the cobalt oxidation degree is basically controlled by adjusting some treatment 
parameters such as atmosphere and temperature [11, 12]. Thus, the understanding about the mutual 
influence between porous structure evolution and the oxidation of cobalt becomes relevant in 
influencing the final functionalised material.  
Herein we report a notable interconnected evolution of both porous structure and cobalt state as a 
function of the calcination process for high surfactant loads. A series of surfactant cobalt silica were 
prepared via a one-step sol-gel process and thermally treated at three different calcination 
temperatures. In general, materials made of low surfactant loads revealed independency between 
structure formation and oxidation; both properties were practically delineated at low temperature 
calcination. In contrast, high surfactant loads displayed a delayed evolution in both properties. This 
synergetic effect is explained based on emerging CoBr-Surfactant interactions which were 
postulated in the oxidation model (see Chapter 3). These interactions simultaneously alter the 
removal of surfactant and inhibit the oxidation of cobalt, thereby modifying the evolution of porous 
structure and cobalt tetroxide formation, respectively. 
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4.2 Experimental 
Cobalt silica (CoSi) samples were synthesised based on a previously reported method [13]. Briefly, 
cobalt nitrate hexahydrate (Co(NO3)2.6H2O) was dissolved in 30 %vol hydrogen peroxide (H2O2) in 
order to keep the pH stable around 3.0 and then diluted in an excess of ethanol. Subsequently, the 
solution was cooled to 0 °C, followed by a slow drop-wise addition of tetraethyl orthosilicate 
(TEOS). The final molar ratios are TEOS:H2O:H2O2:EtOH:Co(NO3)2.6H2O = 4:45.5:9:256:1. 
Lastly, the solution is moderately stirred in an ice-bath at 0 °C for three hours. The preparation of 
surfactant cobalt silica samples follows this same procedure, except for the addition of hexyl 
trimethyl ammonium bromide (HTAB) after the ice-bath treatment. The surfactant/cobalt molar 
ratio (x) was varied from 0 to 3. The solubility of surfactant was guaranteed by keeping the 
concentration below the critical micelle concentration (CMC) point, taking into account the 
surfactant type [14], solvent nature [15, 16] and counter ion presence [17, 18]. After preparation, all 
sol-gel solutions were dried in air atmosphere using an electric oven for 96 hours at 60 °C. The 
dried gels (xerogels) were then ground to a fine powder and stored in sealed containers. 
Subsequently, each sample was calcined at three different temperatures (400, 500 and 600 °C) in an 
electric furnace under air atmosphere, at a ramp rate of 1 °C min
-1
 and a dwell time of 150 min. 
Calcined xerogels were degassed under vacuum at 200 °C for at least four hours and characterised 
by nitrogen gas adsorption using a Micromeritics TriStar 3000 instrument. Pore size distribution 
(PSD) was calculated using density functional theory from the Micromeritics 3020 v1.04 software. 
Fourier transform infra-red (FT-IR) attenuated total reflectance (ATR) analysis was performed 
using a Perkin Elmer Spectrum 400 FT-IR/FT-FIR Spectrometer, over a range of 4000 to 530 cm
-1
. 
FT-IR spectra were normalised using the siloxane (Si-O-Si) peak at 1040 cm
-1
 prior to 
deconvolution. Surface elemental compositions were obtained on a Kratos Axis ULTRA X-ray 
Photoelectron Spectrometer (XPS) using Al Kα X-rays (1486.6 eV) at 150W (15 kV, 10 mA). 
High-resolution XPS spectra were charge-corrected using the C 1s peak at 284.6 eV. Thermal 
gravimetric analysis was monitored from room temperature to 600 °C on a Shimadzu TGA-50 with 
a 1 °C min
-1
 ramping rate, dwell time of 150 min, and an air flux of 80-90 cm
3
 min
-1
. Differential 
Thermal Analysis was undertaken with a Mettler Toledo TGA/DSC Thermogravimetric Analyzer 
with GC200 Gas controller. 
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4.3 Results 
The representative nitrogen sorption isotherms are shown in Figure 4.1. A full set of nitrogen 
sorption isotherms for all samples is displayed in appendix B (Figure B1). The cobalt oxide silica 
samples containing no surfactant (blank sample), or a small surfactant load of x=0.5, resulted 
mainly in type I isotherms, characteristic of microporous materials. By increasing the HTBA load to 
x=3, the isotherms changed in shape to type IV, characteristic of mesoporous materials. Although 
the latter isotherms show saturation at p/p0 ~0.45, there is no significant hysteresis, suggesting the 
formation of small mesopores. It is interesting to observe that calcination at 400 °C produced very 
low adsorption volumes, below half of the values for the same samples calcined at 500 or 600 °C. 
 
Figure 4.1: Nitrogen adsorption isotherm of samples with different surfactant loads. Left: reference 
material CoSi (No surfactant). Middle: SCoSi-0.5. Right: SCoSi-3.0. 
 
Figure 4.2 shows the pore size distribution (PSD) calculated from the density functional theory 
from the Micromeritics software. It is clearly observed that for samples with low surfactant load 
(x≤1), the structure is mainly dominated by microporosity (dp < 2 nm). The sharp tri-modal peak 
below 2 nm is commonly observed in microporous cobalt silica simulated by DFT mode [19]. As 
the surfactant load increases towards x=1, or as the calcination temperature increases from 400 to 
600 °C, there is an increase in the PSD towards mesoporosity (2<dp<50 nm). Contrary to this trend, 
as high surfactant loads (x≥2) are used, the PSD is dominated by mesoporous structures, where 
pores become much broader to sizes as large as 5 nm. These results strongly suggest that there is a 
strong relation between the surfactant loading and mesoporosity formation. 
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Figure 4.2: dV/dLog(D) graph of different C6 surfactant load samples and calcined at various 
temperatures. 
Further analyses were considered by determining how mesoporosity changed as depicted in Figure 
4.3. The general trend observed is the increase of the mesopore volume until a low HTAB load 
(x≤1). Under these low surfactant loads, the calcination temperature effect is not playing a major 
role and any minor variation is within the experimental error. Significant variations can only be 
observed for high surfactant loads (x≥2), though it is very interesting to note that the mesopore 
volume is much lower at 400 °C followed by a significant increase in mesopore volumes of 330 and 
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140% as the temperature was raised to 600 °C for the samples x=2 and x=3, respectively. In 
conventional porous silica matrices, the pore volume should reduce with temperature, caused by the 
silica matrix densification due to further condensation reactions [20]. This conventional trend is not 
observed from the results in this work. Although the growth in pore volume was predictable due to 
the surfactant incorporation [9, 21], this trend is not clearly observed. For instance at 400 °C, 
mesopore volume was very similar for the samples x=0.5, x=2 and x=3. By the same token, the 
temperature effect on mesoporosity formation is significant for the samples with high surfactant 
load as compared to those with low surfactant load. These results suggest that unusual structural 
formation mechanisms are occurring within the silica matrix, which in turn affect the mesoporosity 
formation as a function of the calcination temperature in an unexpected manner.  
 
Figure 4.3: Evolution of mesopore volume as a function of the C6 surfactant load for different 
calcination temperatures. 
The evolution of Co3O4 phase as a function of calcination temperatures is shown in Figure 4.4. The 
XPS spectra for these samples are shown in appendix B (Figure B2). The blank sample (CoSi) 
depicts a slight decrease in oxide fraction above 400 °C, whereas a trend to gradually increase the 
oxidation is observed as the surfactant is incorporated. It is observed that samples with low 
surfactant load (x≤1) reach an almost stable amount of tetroxide at 400 °C, with further variations in 
the oxide phase (0 to 15%) are possibly within experimental error as function of the calcination 
temperature. In the case of excess amount of surfactant (x≥2), these loads inhibit the growth of the 
Co3O4 phase. A stable value is reached only at 500 °C, showing a steep increment from values 
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around 40 to 60% (~35% increase in average) with calcination temperatures beyond 400 °C. It is 
interesting to note that this trend also matches the mesoporosity trend for all samples calcined at 
400 °C in Figure 4.2, but not for those calcined at high temperatures for high surfactant loads (x≥2). 
 
Figure 4.4: Cobalt tetroxide evolution with calcination temperature in samples with different C6 
surfactant loads. Cobalt speciation derived from Co 2p region on XPS spectrum. 
The evolution of mass loss and energy flux throughout the calcination process is depicted in Figure 
4.5. It is observed on Figure 4.5a that a major fraction of mass reduction takes place below 400 °C 
for low surfactant samples (x≤1). According to Figure 4.6, a surfactant load of x=1 or lower shows 
a mass loss of 90% or higher at 400 °C. The energy flux of the same samples (See Figure 4.5b) 
displays characteristic surfactant decomposition within silica materials [22, 23]. An initial 
endothermic profile shows a water desorption related peak below 100 °C followed by a smaller 
peak related with nitrate decomposition [24]. The noticeable shift of this latter peak to lower 
temperatures might correspond to NO3
-
 ions due to the presence of Co-Br coordination within the 
matrix when surfactant is incorporated. At higher temperatures, exothermic steps take place 
between 200 and 300 °C mainly due to the combustion of aliphatic groups from the surfactant 
decomposition [22, 23]. The main exothermic peak is enlarged and slightly shifted to higher 
temperatures as the surfactant load is increased. This adequately concurs with a major combustion 
activity due to the increment on surfactant load. The absence of distinct peaks above 400 °C 
indicates that no relevant thermal process takes place at higher temperatures. The continuous 
decrease in the DTA curve plus the small variation of mass suggests that a faint condensation 
reaction (endothermic) continues above 400 °C. Thus, it is inferred that the reactive activity is 
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complete within the silica matrix at calcination temperature of 400 °C in any sample with low 
surfactant load (x≤1). 
 
 
Figure 4.5: Weight loss evolution from TGA (top figures) and energy flux from DTA (bottom 
figures) for C6-SCoSi xerogel samples. Left: samples with low surfactant concentration. Right: 
high surfactant concentration samples. 
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Figure 4.6: TGA cumulative mass loss after calcination at 400, 500 and 600 °C as function of C6 
surfactant concentration. 
In contrast, samples with high surfactant loads (x≥2) display an incomplete weight loss profile at 
400 °C, resulting in less than 75% of the total mass loss (Figure 4.6). The ongoing mass reduction 
above 400 °C (See Figure 4.6) and the shoulders in TGA curves (Figure 4.5b) strongly suggest 
further mass losses. Indeed, the energy flux in Figure 4.5d confirms a significant activity level 
beyond 400 °C. Moreover, a major deviation from the characteristic profile for surfactant-silica 
materials is observed as compared to work published elsewhere [22]. The reduction of exothermic 
peaks as compared to low surfactant samples is associated with enhanced endothermic stages, likely 
triggered by pyrolysis of aliphatic groups. Further, the overall shift of this peak to higher 
temperatures of 500 °C, or even greater, relates with a late release of surfactant head groups [8]. 
This clear alteration of surfactant decomposition within the silica matrix has been attributed to 
metal-surfactant interactions [25, 26]. As discussed in Chapter 3, the interaction between Co-Br 
complexes and excess surfactant heads simultaneously alters the surfactant decomposition and 
inhibits the oxidation of cobalt. Accordingly, the incomplete thermal process at 400 °C for samples 
with excess amount of surfactant is a consequence of growing surfactant-cobalt interactions within 
the silica framework. 
 
4.4 Discussion 
The low surfactant samples (x≤1) display characteristics indicating that both structure and metal 
oxidation reach a final state at a lower relative temperature (400 °C) then those prepared with high 
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surfactant loads. This is confirmed by the small mass losses observed and the absence of relevant 
energy flux beyond 400 °C. The increase of the cobalt tetroxide phase as a function of surfactant 
load (x≤1) also follows a similar trend to that observed for the mesopore volume. Moreover, the 
characteristic of the thermal profile of the surfactant silica materials indicates that the metal is not 
influencing the decomposition of the surfactant. Therefore, it is inferred that there is limited 
interconnection between the evolution of the mesoporous structure and cobalt oxidation throughout 
the thermal treatment. 
In contrast, high surfactant loads (x≥2) samples clearly show that the calcination effect continues 
beyond 400 °C. For instance at 600 °C, the cobalt oxidation fraction and mesopore volumes are 
~30% and ~140–330% higher than at 400 °C, respectively. Concurrently, mass loss and thermal 
evolution reveals an ongoing removal process beyond 400 °C due to the unexpected decomposition 
of surfactants at higher temperatures. These results can be considered in the context of increments 
of mesopore volume and mass loss after calcination from 400 to 600 °C as function of Co3O4 
increment in a similar temperature range (see Figure 4.7). This figure clearly shows the trends 
between low and high surfactant load, where changes or increments in mesopore volume and mass 
losses are simultaneously displayed as a function of the changes or increments in Co3O4 phase 
fraction. Of particular interest, these results clearly indicate that there are two different regimes 
occurring in tandem, with small variations for the low surfactant loads (x≤1), and large variations 
for high surfactant load (x=2 and 3). Thus, a degree of interconnection between the evolution of 
porous structure and cobalt oxidation can be suggested for these materials. 
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Figure 4.7: Relationship between the evolution of cobalt oxidation and material morphology. The 
increments in the oxidation state of cobalt from 400 to 600 °C calcination temperature correlated 
with (a) mesopore volume increments and (b) TGA mass loss increments. 
By bearing in mind the reported influence of metal-surfactant interactions on the oxidation of cobalt 
(see Chapter 3), a likely additional influence on the porous structure can be also expected. 
According to the oxidation model on high surfactant cobalt oxide silica xerogels, a fraction of the 
embedded cobalt and alkyl heads remain attached within the silica framework until high calcination 
temperatures, thus deterring further oxidation. This is verified from the DTA analyses which show 
an endothermic peak at 535 °C attributed to the combustion of surfactants. Hence, this high 
temperature release of surfactant groups may also contribute with a high temperature tailoring effect 
of the silica matrix, thus corroborating with the PSD of the resultant samples (see Figure 4.2). 
Actually, it can be inferred from the TGA analysis (Figure 4.5c) that a considerable fraction of 
surfactant has not been removed after calcination at 400 °C. Subtracting the contribution of early 
processes such as nitrate decomposition (T<200 °C) [24, 27] and solvent desorption (T<100 °C), 
around 30% of the total surfactant remains incorporated in the xerogel matrix. This remaining 
template agent is basically formed by head groups which are attached to the silica framework due to 
the interaction with cobalt. Thus, the larger size of HTAB head group in relation with the whole 
monomer (Table 1) can explain the tailoring effect of the silica matrix at 400 °C. The subsequent 
increase in mesopore volume at higher calcination temperatures concurs with a further detachment 
of head groups, thereby confirming the importance of the template effect of these groups. 
Table 4.1: Surfactant monomer characteristic sizes and contact area. (*) Estimated value considering 
bond length difference between methyl and ethyl groups. 
 
Property Hexyl 
Trimethyl 
Ammonium 
bromide 
Hexyl 
Triethyl  
Ammonium 
bromide 
Reference 
Formula C6H13N-[CH3]3Br C6H13N-[C2H5]3Br  
Head contact area (A) 77.2 Å
2
 180 Å
2
 (*) [28] 
Tail length (L) 9.13 Å 9.13 Å [29] 
 
L 
A 
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The evidence of reduced metal oxidation at lower calcination temperature for the samples with high 
surfactant loads (x≥2) is also interesting (See Figure 4.3). This suggests that the proposed inhibition 
of cobalt oxidation is not only influenced by the surfactant load, but that the calcination temperature 
also plays an important role. The proposed CoBr-surfactant interaction may be strong enough to 
retain a fraction of cobalt at lower oxidation state even at temperatures around 400 °C. 
Subsequently, the release of attached head groups beyond 400 °C may promote extra metal 
oxidation as some CoBr–surfactant interactions gradually vanish. Nevertheless, the non-favourable 
conditions for cobalt bromide oxidation at high temperature may reduce the likelihood of tetroxide 
formation. Figure 4.8 depicts the sharp reduction of the ideal conversion of CoBr2 oxidation as the 
reaction temperature shifts into higher values [30]. Therefore, a fraction of the embedded metal is 
finally not oxidised at temperatures above 400 °C (low conversion region on Figure 4.8), despite the 
complete removal of alkyl groups from the silica. 
 
Figure 4.8: Ideal conversion of CoBr2 oxidation (3𝐶𝑜𝐵𝑟2 + 2𝑂2 → 𝐶𝑜3𝑂4 + 3𝐵𝑟2) under different 
excess fraction of oxygen. 
 
The evolution of the tailoring process and cobalt oxidation within low and high surfactant load 
samples throughout calcination is schematically represented in Figure 4.9. After the synthesis of 
low surfactant load samples, monomers and CoBr species independently adsorb within the silica 
interface (Figures 4.9a and 4.9b). For high surfactant load samples, additional interactions emerge 
between a fraction of monomers and CoBr species due to surface saturation (4.9c). The tetra-
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coordinated Co
2+
 ions are likely to be surrounded within the silica/surfactant matrix. This 
configuration may introduce a steric effect during early stages of air calcination, thereby hindering 
the access of oxygen molecules [8]. At around 400 °C, an almost complete tailoring process is 
expected in low surfactant sample due to the total removal of surfactant (4.9e). At the same time, a 
maximum oxidation of cobalt is simultaneously reached (4.9d). In contrast, high surfactant load 
samples show only a partial release of alkyl compounds mainly from surfactant tail groups, 
providing a low template effect (4.9f). Although the decomposition of part of the surfactant occurs, 
head groups may remain attached to the Co complexes and keep inducing a steric effect on metal 
oxidation. Finally, a further increase of temperature beyond 400 °C does not introduce additional 
modification on low surfactant materials. However, the release of attached head groups within high 
surfactant load samples provides a secondary template effect which substantially increases the 
mesoporosity (4.9g). Despite the enhanced freedom of CoBr species after surfactant detachment, 
the high temperature induces less favourable conditions for an extended oxidation. Consequently, a 
fraction of the cobalt remains as ionic Co
2+
 or low valence oxide within the silica matrix.  
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Figure 4.9: Schematic representation of the simultaneous evolution of cobalt oxidation and tailoring 
process on porous structure throughout the heat treatment. (a, b) low surfactant loads: independent 
absorption of CoBr complexes and surfactant monomers on silica interface. (c) High surfactant 
loads: emergent additional interactions between surfactant monomers and CoBr species. (d, e) low 
surfactant loads: after calcination at 400 °C  the tailoring on porous structure is almost finished due 
to the total surfactant removal. Similarly, a maximum Co3O4 phase is reached. (f) High surfactant 
loads: after calcination at 400 °C tail groups are removed providing a preliminary template on 
material porosity (red gridded area), while Co remains attached and not oxidized due to a steric 
effect. (g) After calcination at 600 °C alkyl groups are almost totally removed defining the final 
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template effect on material (increased red gridded area), while Co remains in ionic Co
2+
 state due 
low thermodynamic conversion of CoBr2 oxidation. 
 
4.5 Conclusion 
Sol-gel derived cobalt silica was prepared including different concentrations of a small cationic 
surfactant (HTAB). The evolution of porous structure and cobalt oxidation through air calcination 
was then investigated. In general, final values of all the analysed properties can be reached after 
calcination at 400 °C in low surfactant samples (x≤1), whereas high surfactant load requires higher 
temperatures at 600 °C. The formation of mesoporous structure and cobalt oxidation was delayed in 
the case of high surfactant load samples, showing partial development at low calcination 
temperatures. This simultaneous evolution is attributed to the emerging interactions between Co-Br 
complexes and surfactant as stated in the oxidation model. The high temperature release of the 
surfactant’s attached head groups explains the evolution of the template effect on porous structure. 
In addition, the same interactions inhibit the oxidation of cobalt according to the postulated model. 
The current evidence indicates that there is more than one inhibition mechanism affecting the cobalt 
oxidation within high surfactant materials. A steric effect may control the oxidation of cobalt at low 
temperatures (T<400 °C) due to the presence of connected alkyl groups, thereby limiting the 
accessibility to oxygen. In addition, at higher temperatures and after the release of attached head 
groups, the oxidation of free cobalt species is inhibited by the low thermodynamic viability beyond 
500 °C. 
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Chapter 5 
5 Influence of surfactant alkyl length in 
functionalizing sol–gel derived microporous 
cobalt oxide silica 
 
5.1 Introduction 
In this chapter an interconnected influence of surfactant alkyl length on cobalt oxidation state and 
morphology of silica material was postulated. The oxidation state of the embedded cobalt was 
tailored by either changing the surfactant load or the alkyl tail length of the ammonium bromide 
surfactant. Similarly, material morphology was also varied from a microporous material into a 
mostly mesoporous. This influence was successfully explained based on the Co-Br complexation 
within the as-synthetised materials as stated in the oxidation model. 
 
5.2 Contributions 
Chapter 5 is included as it appears in RSC Advances, 2014, 4. This chapter is wholly my own work 
with the exception of the contributions by Prof. João C. Diniz da Costa, Dr. Christelle Yacou and 
Dr. Simon Smart in the advisory capacity. 
 
5.3 Supplementary information 
It is included in Appendix C as it appears in RSC Advances, 2014, 4. 
  
Chapter 5 
62 
 
  
Chapter 5 
63 
 
  
Chapter 5 
64 
 
  
Chapter 5 
65 
 
  
Chapter 5 
66 
 
  
Chapter 5 
67 
 
  
Chapter 5 
68 
 
  
Chapter 6 
69 
Chapter 6 
6 Structural analysis of embedded cobalt 
oxide within surfactant cobalt silica  
 
Abstract 
The chemical state of the incorporated cobalt within microporous silica can be tailored by 
controlled addition of halide containing surfactant throughout sol-gel preparation process. We 
attempt to confirm this tunning process by comparing material structures of cobalt silica samples 
(Co:Si=1:4 molar) which were prepared incorporating different HTAB surfactant loads 
(HTAB:Co=0, 0.25, 0.5, 1, 2, 3) and reference materials (CoO and Co3O4) base on XANES and 
EXAFS analysis. The material fingerprints revealed in general a disorder structure surrounding 
cobalt in all samples, most likely connected with high metal dispersion within the silica matrix. Fine 
spectrum models revealed a likely alteration of cobalt surrounding spheres as a consequence of 
surfactant addition, showing an increased Co3O4-like structure within the equimolar surfactant to 
cobalt sample, as was reported in our previous work. Whereas a more probable CoO-like structure 
takes place when no surfactant is added, a more disorder an enhanced interaction between Co and 
silica framework is detected under higher surfactant load.  
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6.1 Introduction 
The rise of nanotechnology has seen an explosion in research into the incorporation of metal and 
metal oxide nanoparticles within microporous and mesoporous structures. Cobalt and silica 
structures have featured prominently in this research space for a broad variety of applications 
including catalysis [1-3], membrane materials [4, 5], sensors and optical applications [6-8], and 
magnetic materials [9]. In each case, the activity of the cobalt or cobalt oxide nanoparticles and 
stability of the overall metal oxide / silica matrix is paramount to the materials success.  
Initially, this functionality was considered only in light of the properties of the embedded metal or 
metal oxide such as particle size, dispersion and original chemical state [10]. The role of the metal 
oxide nanoparticle support was essentially relegated to providing accessibility due to enhanced 
nanoparticle dispersion. Some authors even suggested that the support had almost no influence on 
the activity of cobalt containing catalysts with similar levels of dispersion [11, 12]. However, 
recently several research groups have highlighted the relevance of the local environment 
surrounding the metal, metal ions or metal oxides within the silica matrix [1, 10, 13]. The duplicity 
of the interactions is relevant in materials formed either though sol-gel techniques or two-step 
synthesis and impregnation methods. Jacobs et al. demonstrated that the silica matrix exerted 
significant influence on both the cobalt-host interactions and the state of cobalt within the silica, in 
a catalyst formed through impregnation techniques [14]. Similarly, Chen et al. and Wang et al. 
reported higher dispersion and superior activity of a cobalt silica catalyst where the silica surface 
was modified prior to catalyst impregnation, which in turn altered the cobalt-silica interactions [15, 
16]. On the other hand, sol-gel based materials where the formation of the metal-silica environment 
is concurrent and interlinked in a one step process, have also demonstrated the influence of cobalt-
silica interactions on the final cobalt environment and chemical state. Indeed, recent studies have 
observed incomplete oxidation of embedded cobalt nanoparticles within both meso and 
microporous silica frameworks which has been primarily attributed to metal-silica interactions [15, 
17, 18]. 
The understanding about how cobalt is embedded within the silica matrix and the interactions 
therein have been mostly addressed based on structural data from X-ray Absorption Spectroscopy 
(XAS), in line with some of Khodakov’s propositions [1]. In this case the authors reviewed the fine 
structural information provided by both synchrotron-based XANES and EXAFS analysis about 
local structures of amorphous and polycrystalline cobalt containing materials. XAS is a well-
accepted and robust technique for providing information about structure and local atomic 
environment in bulk materials. Vralstad et al. showed, through XAS analysis, that cobalt in 
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mesoporous silica does not form an oxide phase during air calcination for low cobalt loadings (i.e. 
below 5 wt%) [19]. Rather, the local structure around Co in the calcined material was found to 
contain oxygen in the first atomic coordination sphere and silicon in the second sphere, indicating 
that the cobalt formed a silicate-like interaction. This result agreed well with the local atomic 
environment for the cobalt in the as-synthetised material (i.e. prior to calcination), and suggested 
that the cobalt remained trapped in an ionic-complex during and after calcination. However, when 
the cobalt loading exceeds 10 wt% within a mesoporous silica, the cobalt preferentially forms a 
Co3O4-like structure after calcination [20], rather than the silicate-like material reported by Vralstad 
and colleagues. Importantly, Castner et al. noted a distortion in the neighbouring atomic shells 
which indicated that a pure Co3O4 was not formed but rather it pointed to the existence of multiple 
cobalt phases including CoO and embedded Co
2+
 [20]. There have been additional studies on cobalt 
loadings greater than 10 wt% which have also reported that the cobalt exists as a Co3O4-like 
material [2, 14, 21], thus implying some level of control over the oxidation state of cobalt which is 
dependent on the total cobalt loading. The mechanisms which lead to cobalt silicate-like materials 
at low loadings and Co3O4-like particles within a silica matrix at higher loadings are yet to be fully 
elucidated. 
Recently, we reported for the first time that oxidation state of cobalt within silica can be adjusted 
through careful incorporation of cationic surfactants and their halide counter ions during the sol-gel 
synthesis [22]. This one-pot synthesis approach allowed the ionic cobalt species to coordinate with 
the halide counter ions in a tetrahedral form in solution. By contrast during typical synthesis of 
cobalt silica materials without surfactant the cobalt ions coordinate with both water and the nascent 
silica network in an octahedral form [23, 24]. This change in coordination during sol-gel synthesis 
translated to an altered local environment for the cobalt in the dried and eventually calcined 
xerogels. In particular, the switch in coordination to the tetrahedral configuration enhanced the 
formation of the high valence Co3O4 in the final cobalt silica material. The effect was greatest for 
equimolar ratios of surfactant (and halide counter ions) and cobalt and was attributed to the weaker 
and more open tetrahedral structure being more easily oxidised during calcination. However, when 
the ratio of surfactant to cobalt, x, exceeded 1 the amount of Co3O4 reduced, although not below the 
content seen in the cobalt silica sample without surfactant. This decrease in Co3O4 was 
accompanied by an increase in mesoporosity within the samples and strongly implied that the 
surfactant head groups began to cluster around the cobalt-halide complex. As a result the surfactant 
head groups remained strongly coordinated with the cobalt-halide complex, hindering the oxidation 
during calcination and preserving the cobalt as Co
2+
 ions trapped within the silica matrix. At the 
highest surfactant to cobalt ratio tested (x=3) the cobalt within the silica bore a strong resemblance 
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to the original cobalt silica material without surfactant (x=0) both in terms of Co3O4 content and 
local environment as determined by infra-red and x-ray photoelectron spectroscopy. The study 
demonstrated that the original sol-gel synthesis conditions and by extension the initial local cobalt 
environment could be used to alter the final functionality of the cobalt within the silica matrix.  
Naturally if the as-synthesized local environment surrounding the cobalt influences its final 
functionality, the question must be asked whether some level of control can be exerted during 
synthesis to direct the cobalt towards its desired state. More conservatively, and perhaps most 
importantly, this suggests that any silica-cobalt system should be considered holistically rather than 
as individual components. Consequently, it is the aim of the present work to determine how the 
environment and support connectivity of the embedded cobalt is affected, specifically through our 
previously reported surfactant-halide tailoring mechanism [22]. To this end we have performed an 
extended XANES and EXAFS analysis on microporous cobalt silica where the metal and surfactant 
(and hence halide ions) were simultaneously incorporated during the sol-gel process. Based on our 
previous results and those in the published literature, we expect to observe differences in the local 
atomic environment around cobalt as the surfactant chains and halide counter-ions are incorporated 
in increasing molar ratios. 
 
6.2 Experimental 
In a typical synthesis, a master sol of cobalt silica was produced by dissolving cobalt nitrate 
hexahydrate (Co(NO3)2.6H2O) in hydrogen peroxide (H2O2: 30 wt%) and mixing the resulting 
solution with ethanol (EtOH), followed by the drop wise addition of tetraethoxysilane (TEOS). The 
final molar ratios were TEOS : H2O : H2O2 : EtOH : Co(NO3)2.6H2O = 4 : 45.5 : 9 : 256 : 128. The 
sol-gel polymerization process is carried out in a controlled pH environment due to the above 
mentioned incorporation of peroxide. Hybrid surfactant : cobalt : silica sols were then synthesized 
preserving a fixed Co/Si molar ratio (of X:Y) by adding hexyl triethyl ammonium bromide (HTAB) 
at molar ratios for HTAB : Co(NO3)2.6H2O (herein referred to as the surfactant / cobalt molar ratio, 
x) of 0, 1 and 3. The excess of ethanol ensures that the surfactant remains well below the micelle 
critical point of HTAB thus preserving the surfactant solubility. The resultant homogeneous and 
stable hybrid sols were dried at 60 °C for 96 hours and then calcined in air at 600 °C (ramp rate of 1 
°C min
-1
 and a dwell time of 150 minutes) to create the final stable xerogel powders.  
X-ray Absorption Spectroscopy experiments were performed at the wiggler XAS Beamline at the 
Australian Synchrotron. The photon energy was controlled using a Si(111) double-crystal 
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monochromator (DCM). The DCM was operated at the peak of the rocking-curve (“fully tuned”), 
and higher harmonics were rejected using a vertically collimating Si mirror and a toroidal focussing 
Rh coated mirror. The beam size at the position of the sample was about 1.5 × 0.5 mm
2
 (H × V). 
Beam intensities were recorded using standard ionisation chambers (Oken; He flow 1.3 L/min; 
U=250V). 
Absorption spectroscopy scans were acquired at the Co-K absorption edge (E0 = 7709eV). In order 
to inform EXAFS models, data were recorded on CoO and Co3O4, laboratory grade standards. A Co 
metal foil was used to calibrate the energy axis (via optical encoder). Close to the absorption edge, 
the energy was stepped at 0.3 eV and in the EXAFS region data were recorded with constant steps 
in k-space (  = 0.035 Å
-1
). 
XANES data were analysed using the freeware XANDA [25]. After background subtraction using 
polynomials and normalisation to edge-jump 1, an edge spline was used to extract the pre-edge 
feature visible in the spectra. This feature was used to obtain information on the degree of centro-
symmetry around Co (see discussion below). The software  freeware Fityk was used to get feature 
information using peak deconvolution based on Gaussian peak shapes [26]. 
For EXAFS analyses the freeware VIPER [27, 28] was used. The XAS oscillations were extracted 
using standard methods including polynomial background subtraction and post-edge splines. 
Nominal edge jump and spline rigidity were used to minimise signals at low scattering path length, 
R, in the Fourier Transforms. Data were modelled in k-space after Fourier Back-transformation of 
the first two prominent coordination spheres. The amplitude reduction factor, S0
2
, was obtained by 
fitting models to the spectra of the known structures of CoO and Co3O4, respectively; a value of 
S0
2
= 0.7 was found to deliver adequate fit results. For fitting the data of the samples, SCo-Si1,2,3, 
constraints were employed to reduce the number of fit parameters: The edge shift parameter, E0, 
was set to be the same for all scattering paths, and structure disorder factors, , were set to be equal 
for closely spaced coordination spheres occupied by the same atoms or were set to increase with 
increasing scattering path lengths. For the modelling Co-O, Co-Co, and Co-Si single-scattering 
paths were calculated using the Open Source software [29]; fit models were found to be adequate 
using single-scattering paths only. 
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6.3 Results 
The near edge XANES spectra (Figure 6.1a) show a common low energy peak at 7725.2 eV (as 
indicated on figure) for all of the synthesized xerogels namely x = 0, 1, 3. It is clear from these 
results that this common low energy peak does not match either the CoO or Co3O4 reference 
materials. However, the mild shift towards a lower energy state has previously been observed for 
Co
2+
 salts [30]. This likely corresponds to distortion of the Co octahedral coordination geometry 
and lack of inversion symmetry (See Appendix D) which has also been observed for other materials 
where cobalt is embedded in a silica matrix [17, 24, 31]. Significantly for the present study, the 
groups of Esposito, Verberckmoes and Kojima all found that these distortions came from alterations 
in the relevant ligand’s nature and strength (for example a combination of OH- and Si-O-Si ligands 
in the local environment induces distortion in the Co
2+
 structural symmetry). A second peak at 
higher energy (7729 eV) was also observed for x = 1 which corresponds to the major peak in the 
pure Co3O4 sample. Indeed the intensity difference between the 7725.2 and the 7729 eV peaks in 
this sample does not match the spectral fingerprints of either Co3O4 or CoO. These differences 
reflect structural differences between the synthesized samples and the reference materials. Notably, 
for the synthesized materials the structures above the absorption edge appear less prominent and 
more “washed out” than for the reference materials. This indicates that the synthesized samples 
exhibit a fairly distorted local atomic environment around Co. In the case of the equimolar sample 
(x = 1), the presence of a quite prominent spectral contribution at 7729 eV indicates a structural 
relationship with Co3O4 that is more pronounced than for the low (x=0) and high (x=3) surfactant 
loadings.  
Chapter 6 
75 
 
Figure 6.1: XANES analysis. (a) Left: Near edge region of samples and references with the pre-
edge feature visible just below the absorption edge. (b) Right: First derivative of the XANES 
spectra. 
In order to assess the XANES part of the spectra further, the first derivative is a useful tool to 
provide some information on differences between coexistent species (see Figure 6.1b). As can be 
seen, all derivatives of the synthesized samples bear a closer resemblance to the data of Co3O4 than 
to the data of CoO; this is particularly evident for the derivative of the pre-edge feature (7708 eV) 
and the near-edge features around 7720 eV. For the equimolar surfactant/cobalt sample (x=1) this 
resemblance extends to a minor peak present at 7727.6 eV even though the peak intensity is failry 
compared to Co3O4. This provides supporting evidence that in the equimolar sample (x=1) a Co3O4-
like structure plays a greater role than for the samples produced either side of the equimolar point 
(i.e. at low (x=0) and high (x=3) surfactant ratios).   
The near-edge and first derivative XANES data strongly suggest that the cobalt present in the 
synthesized xerogels exists in a not strongly ordered structure with characteristics of Co3O4. This 
cobalt tetraoxide resemblance is enhanced in the sample with the equimolar surfactant / cobalt ratio 
in particular.  This correlates well with our previous study that showed an increased presence of a 
cobalt tetroxide phase for x = 1 xerogels, compared to low (x = 0) and high (x = 3) surfactant ratios. 
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The reduced local order around Co within the silica matrix suggests the presence of a simultaneous 
distorted phase where the metal remains in an ionic state when deeply trapped [4, 17]. 
For more detailed analysis of the local structure, the extended X-ray absorption fine structure 
(EXAFS) region of the spectra was assessed. In Figure 6.2, corresponding EXAFS oscillations ((k) 
• k2) are shown for the reference materials and the synthesized samples. For presentation purposes, 
the amplitudes for the reference spectra are scaled by a factor ½, highlighting that the overall signal 
amplitude for the synthesized samples is strongly reduced. This is consistent with the Co embedded 
either in very small clusters and/or in a disordered environment. Correspondingly, the Fourier 
Transforms of the data of the samples show contributions primarily only in the first coordination 
sphere plus some contributions in the second sphere (Figure 6.3). The reference materials show 
prominent contributions to larger radial distances, R, as expected from Figure 2.  
 
Figure 6.2: k2-weighted XAS oscillations of the synthesized samples (left-hand panel) and 
reference materials (right-hand panel). The amplitudes of the data for the reference compounds are 
scaled by ½ for presentation purposes. 
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Figure 6.3: Fourier Transformations of the k2-weighted XAS oscillations of samples and both 
references materials CoO and Co3O4 (the latter scaled by ½ as in Figure 2). The data are presented 
without correcting for scattering phase shifts. 
From Figure 6.3 it can be seen that the Fourier Transforms of the spectra of Co3O4 and the 
equimolar sample (x=1) are quite similar in shape, thus indicating structural similarities between 
x=1 and Co3O4. This result is consistent with above assessment of the XANES region of the data. 
Hence, a fit model based on a cobalt tetroxide model is adequate to approach the EXAFS data of the 
equimolar sample. In the case of the sample with no added surfactant (x=0), a degree of similarity 
with the signal of CoO can be observed (Figure 6.3), albeit to a lesser degree than for the equimolar 
(x=1) sample and Co3O4. The first peak in the original cobalt silica (x=0) corresponds to a 
coordination sphere occupied with oxygen and the second, very weak peak may be related to a 
structural marker similar to the pronounced peak in CoO. For the spectrum of the cobalt silica 
without surfactant (x=0), the structure of CoO thus served as a starting point for EXAFS modelling, 
as also indicated by the spectral features observed in the XANES region of the data. In the case of 
high surfactant loadings (x=3) (Figure 6.3), the Fourier Transform only shows a first shell and some 
weaker contributions at higher radial distances. The XANES of this sample was also found to be 
distinctly different from the other data, indicating that the EXAFS data may require a fit model that 
is different from those of equimolar (x=1) and no surfactant loadings (x=0). 
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Results from EXAFS fitting are included in Figure 6.2 as dashed lines and are summarised in Table 
6.1; for comparison relevant model structure parameters are also presented in Table 6.2. Only 
single-scattering paths were considered in this study due to the lack of fine structure in the data, and 
thus the scattering path lengths translate directly to atomic neighbour distances. The results show 
that good fits could be obtained using the models and approaches described above. For the samples 
with no and equimolar surfactant loadings, the neighbour distances (R) calculated are consistent 
with the models of CoO and Co3O4, respectively, as anticipated from the Fourier Transformations 
(Figure 6.3). The coordination numbers (N) for the first spheres are slightly reduced in both cases 
when compared to the structure models (Table 6.2) and the structure-disorder factors ( ) were 
found to be elevated, consistent with an increased degree of disorder and small particle sizes (note 
that that N and  are typically correlated parameters in EXAFS fitting). The higher coordination 
spheres in the original cobalt silica sample (x=0) and the sample with surfactant loadings of x=1 
show strongly reduced coordination numbers. This relative strong decrease in N for larger scattering 
paths indicates that the ‘loss of neighbours’ is more strongly driven by small cluster size than by 
disorder. These results therefore indicate a high degree of Co dispersion through the silica 
framework.  
For the sample with high surfactant loading (x=3), modelling attempts showed that satisfactory fits 
using only Co-Co and Co-O scattering paths could not be obtained. While Table 6.1 shows a fit 
solution with these paths, the coordination numbers, particularly for the higher spheres, are too 
great to be believable. A more robust fit was obtained by introducing a Co-Si scattering path 
derived from the structure of olivine (CoSiO4). It should be noted that the results do not mean that 
Co was present in the form of olivine; they only mean that Co-O, Co-Co and Co-Si scattering paths 
extracted from the structure of olivine (Table 6.1) were adequate to describe the structure of cobalt 
in sample with high surfactant loading (x=3).  
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Table 6.1: Results of EXAFS modelling (R = scattering path length, here, atomic neighbour 
distance; N = coordination number; s = structure disorder factor). Uncertainties () are reported for 
individual fit parameters or for groups of parameters where they were linked by fit constraints. In 
the case of S3, two fit models were found to be viable, whereby the first (including Co-Si) delivered 
a slightly better fit result. 
Sample 
Shell 
(path) R / Å R / Å N  N s / 10-2 Å2 s / Å
2
 E0 / eV 
SCo-Si 0.0 Co-O 2.00  0.01 4.5 0.2 0.8 <0.1 
3.2 ± 0.6  Co-Co 2.86 0.02 1.3 0.4 
1.0 0.4 
  Co-Co 3.03 0.02 1.8 0.6 
SCo-Si 1.0 Co-O 1.97 <0.01 4.7 0.2 0.9 0.1 
0.7 ± 0.5 
 Co-Co 2.86 0.01 1.6 0.1 0.9 0.1 
 Co-Co 3.40 0.01 2.3 0.8 
0.9 0.1 
  Co-Co 3.62 0.03 1.8 1.3 
SCo-Si 2.0 Co-O 2.05 0.01 5.4 0.3 1.2 0.1 
7.6 ± 0.9  Co-Si 2.67 0.03 0.4 0.4 0.8 1.0 
 Co-Co 3.09 0.02 3.2 2.5 1.5 1.3 
         
 Co-O 2.04 0.01 5.1 0.2 1.2 0.1 
5.8 ± 0.6  Co-Co 2.83 0.04 7.8 0.5 1.2 0.1 
 Co-Co 3.07 0.02 6.1 1.6 2.6 0.1 
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Table 6.2: Structure models for CoO, Co3O4, and CoSiO4 (Olivine) [32, 33]. Closely spaced 
coordination spheres are merged together, and only spheres with scattering path lengths up to a few 
Å are included as relevant for this study. 
Model Shell (path) R / Å N  
CoO Co-O 2.09 6.0 
 Co-Co 3.01 12.0 
  Co-Co 3.70 8.0 
Co3O4 Co-O 1.93 4.0 
 Co-Co 2.86 4.0 
 Co-Co 3.35 8.0 
  Co-Co 3.50 
1
/3 
CoSiO4 Co-O 2.09 4.0 
(Olivine) Co-O 2.15 2.0 
 Co-Si 2.71 2.0 
 Co-Co 3.00 2.0 
 Co-Co 3.22 2.0 
 
6.4 Discussion 
It is clear from the XAS data that the local atomic environment in the vicinity of cobalt is strongly 
influenced by the original surfactant to cobalt molar ratio. Generally we see a shift from a CoO-like 
structure in the original cobalt silica material (x=0) towards a Co3O4-like material (as for x=1). This 
finding extends our understanding of the underlying formation mechanisms during the sol-gel 
synthesis and subsequent calcination. In particular the observation that the original, unmodified 
cobalt silica sample (x=0) predominately existed in a CoO-like structure was a new and interesting 
finding. In our previous work we were only able to detect cobalt as Co3O4 (~45%) and therefore 
could only hypothesize as to the local environment surrounding the remaining cobalt (~55%). The 
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results of the present study can now confirm that the cobalt predominately exists with a CoO-like 
structure (where the Co-O-Co coordination is predominant) rather than in an ionic state (where we 
would expect a Co-O-Si coordination).  
Likewise the higher content of a Co3O4-like material found in the equimolar sample (x=1) concurs 
well with the original study and further confirms the mechanism of formation [22]. In particular, the 
incorporation of a cationic surfactant allows the halide counter-ions to coordinate tetrahedrally with 
the cobalt ions in solution. These structures are then more easily oxidized to Co3O4 during 
calcination. The present study further confirmed that Co3O4 is the dominant form of cobalt in the 
final material for equimolar surfactant to cobalt ratios. Importantly, the EXAFS results for the x=0 
and x=1 samples indicate that the particle size is barely changed as a result of incorporating the 
surfactant (and halide counter-ions) as evidenced in the close coordination numbers between these 
samples. Thus, incorporation of small amounts of surfactant (x≤1) can adjust the ratio of CoO to 
Co3O4 within a microporous silica material without altering both the metal oxide nanoparticle size 
and the pore size distribution [22].  
Higher surfactant loadings, by contrast, induce further alterations of the local atomic environment 
surrounding the cobalt, with the observed structure apparently unrelated to the two most expected 
structural models of CoO and Co3O4. This is a new and intriguing finding which significantly alters 
our understanding of both the final structure and by association, its formation mechanism. In our 
previous work we observed a decline in the presence of Co3O4 as the surfactant / molar exceeded 1, 
returning to similar Co3O4 content at x=3 as was observed in the original cobalt silica material 
(x=0). The implication of these results was that the cobalt functionality also returned to that which 
was present in the original cobalt silica (x=0) samples. However, the EXAFS results for this present 
study demonstrate that this is not the case. Rather the fitted model, in particular the Co-Si 
proximity, indicates that the metal may be immediately coordinated with the silica framework, 
possibly as in an ionic form as has been observed previously in the literature [13, 17]. In this case 
we proposed that the cobalt preferentially coordinates with local silica sites (silanol and siloxane 
groups) promoting a Co-O-Si neighbour coordination rather than the Co-O-Co observed for x≤0 
samples.  
This finding in turn informs our previously postulated mechanism wherein the excess surfactant 
coordinates with the cobalt-halide complex, enhancing the overall strength of this interaction 
delaying and inhibiting its decomposition during calcination. Indeed, the inhibition of oxidation at 
high surfactant-halide loading is strong enough to deplete further interactions Co-O-Co as is seen 
for lower surfactant loadings. 
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6.5 Conclusion 
This XAS study demonstrated that the incorporation of cationic surfactants (and their halide 
counter-ions) during the sol-gel process perceptibly influences the formation, structure and final 
functionality of the incorporated cobalt within a microporous silica matrix. The findings of this 
study informed and extended the understanding of these cobalt functionalities arising from previous 
studies. In the original, unmodifed cobalt silica material (x=0), the cobalt preferentially forms a 
CoO-like structure promoting closer Co-O-Co neighbour interactions rather than links with the 
framework as Co-O-Si interactions. In combination with previous studies this suggests the 
formation of a dominant CoO-like phase and a secondary Co3O4 phase. The introduction of a 
cationic surfactant with a halide counter-ion alters the cobalt neighbourhood, promoting Co3O4-like 
structures and closer Co-O-Co interactions as the surfactant / cobalt molar ratio approaches equity. 
Increasing the surfactant loading beyond equity alters the cobalt neighbourhood yet again with CoO 
and Co3O4 phases being depleted. Hence, the excess surfactant appears to hinder Co-O-Co 
interactions and instead promotes framework connectivity (Co-O-Si links) to an extent. This 
extends the fundamental understanding of high surfactant loadings. Whereas previous studies 
suggested that the cobalt functionality simply shifted between ionic cobalt and Co3O4, reaching a 
maximum at x=1; the present work demonstrated that whilst Co3O4 does indeed reach a maximum 
in the equimolar sample, there are actually three relevant local environments for cobalt depending 
on the amount of incorporated surfactant. Therefore this XAS study has demonstrated that the 
functionality of cobalt within a microporous silica matrix can be altered, even tailored, depending 
on the level of surfactant addition, opening pathways for further materials development across a 
range of applications. 
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Chapter 7  
7 Single gas permeation of surfactant 
functionalised cobalt silica membranes 
 
Abstract 
This chapter focuses on the influence of surfactant incorporation on the performance of cobalt silica 
membranes in single gas permeation. Asymmetric membranes were prepared on tubular alumina 
supports with surfactant cobalt silica as top layer and subsequently tested for He, H2, N2 and CO2 
permeation from 200 to 500 °C. Adsorption analysis shows for the first time that the amount of 
cobalt oxidation affects the isosteric heat of adsorption of H2 and CO2. The membranes prepared 
with low surfactant loads delivered comparable permeance and selectivities with the blank non-
surfactant membrane. However, excess surfactant loading produced membranes with lower 
performance. The porosity data from Positron Annihilation Spectroscopy (PALS) carried out on the 
top membrane films was used in conjunction with the Oscillator model, which uses fundamental 
parameters of materials and transport phenomena results, to determine the pore size of the top 
surfactant derived cobalt silica films. The average pore size for gas separation, the constrictions or 
bottle neck in the silica structure, were calculate in the region of ~2–4 Å based on the gases tested. 
However, high surfactant loads provided enlarged the pore size distribution associated with the 
reduced selectivity performance of the membranes. An idealised mechanistic model is proposed 
based on the interface between the cobalt oxide and silica (as silanol and siloxane groups). 
 
7.1 Introduction 
Gas separation is a major chemical engineering process, important to a wide variety of industries, 
where removal of undesirable species or concentration of products is crucial. However, the energy 
intensive nature of many of the conventional unit operations has driven research and development 
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into new technologies over the last decades. Membranes are particularly interesting in this respect 
as they do not operate with a phase change, thus reducing the energy penalty of separation. 
Inorganic membranes, particularly molecular sieving silica (MSS) based materials, have proven 
effective in addressing high temperature gas separation [1-3], thus overcoming limitations of low 
temperature polymeric membranes. The inherent microporous structure of the MSS matrix provides 
the ideal sieving size for separating small gases like H2 and He from larger molecules such as N2 or 
CO2. The enhanced thermal and chemical resistance of the silica material when compared with 
polymeric membranes of this technology is adventitious when dealing with real industrial 
environments [4, 5].  
A multitude of methods for improving the stability and performance of MSS based membranes have 
been published in the literature over the last 30 years [6]. The focus on the ultra-micropore region 
(< 5 Å) requires significant fine tuning of pore sizes in order to get acceptable permeation and 
selectivity values [7, 8]. Of the methods reported, the incorporation of metal oxides such as 
cobalt [9, 10] and surfactants [11, 12] have proved highly successful. Indeed, ceramic membranes 
using active layers made of cobalt oxide and silica materials have shown very attractive 
performance in single gas permeation [13, 14]. In particular, impressive separation factors of small 
gases such as helium and hydrogen against either nitrogen or carbon dioxide has been reported even 
tenfold higher than pure silica membranes. This rise in separation factors is however accompanied 
by a decrease in permeance of one or more orders of magnitude [9, 15, 16]. By contrast, the 
incorporation of surfactants as templating agents has focused on tailoring pore morphology within 
the silica structure. A vast array of materials have been produced using this approach [17], but in 
most cases the pore size enlargement raises permeance at the cost of selectivity. However, low 
concentrations of small cationic surfactants introduced during the synthesis of silica materials have 
reported no major deviation of selectivity albeit typically increasing pore volume and, in theory, 
permeation [18]. 
Despite the obvious benefits of each MSS modification technique, it is only very recently that the 
dual functionalisation of silica matrices with both cobalt oxide and cationic surfactants was 
reported, as per Chapters 3 and 5 in this thesis [19, 20]. An unexpected synergistic relationship was 
revealed [19], and later explored [20] which showed that the incorporation of a small amount of a 
short cationic surfactant in the cobalt silica sol-gel recipe allowed for the tailoring of both the pore 
size and cobalt oxide functionality within the silica matrix. Thus, it is of interest to understand the 
influence of these modifications on the gas separation performance of subsequent membranes. In 
this chapter the single gas performance of membranes produced using surfactant cobalt silica as 
active layers is explored. Briefly, asymmetric membranes were prepared on tubular alumina 
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supports and dip coated in sols prepared with different surfactant loads. Single gas permeation of 
He, H2, N2 and CO2 was performed for each of the prepared membranes at different testing 
temperatures in the range 200–500 °C. The collected data from the tests was correlated with 
material properties, in order to explain the separation performance. 
 
7.2 Experimental 
Cobalt silica (CoSi) coating solutions were synthesised based on a previously reported method [13]. 
Firstly, cobalt nitrate hexahydrate (Co(NO3)2.6H2O) was dissolved in 30 %vol hydrogen peroxide 
(H2O2) in order to keep the pH stable around 3.0 and then diluted in an excess of ethanol. 
Subsequently, the solution was cooled to 0 °C, followed by a slow drop-wise addition of tetraethyl 
orthosilicate (TEOS). The final molar ratios was TEOS:H2O:H2O2:EtOH:Co(NO3)2.6H2O = 
4:45.5:9:256:1. Lastly, the solution was moderately stirred in an ice-bath at 0 °C for three hours. 
The preparation of surfactant cobalt silica followed the same procedure, except for the addition of 
hexyl trimethyl ammonium bromide (HTAB) after the ice-bath treatment. Surfactant concentration 
was then varied from surfactant/cobalt molar ratio (x) 0 to 3 and identified as SCoSi-x. The 
solubility of surfactant was guaranteed by keeping the concentration below the critical micelle 
concentration (CMC) point, taking into account the surfactant type [21], solvent nature [22, 23] and 
counter ion presence [24, 25].  
Membranes were prepared by dip coating four active silica layers on a commercial alumina 
substrate (Energy Research Centre of the Netherlands). Each ECN tube was 14 mm external 
diameter and 2 mm thickness and based on α-alumina support and a thin layer of γ-alumina. Dip 
coating was performed on a custom coater through a constant immersion and withdrawal speed of 
10 cm min
-1
 and dwell time of 1 min. Each silica layer was subsequently calcined in an electric 
furnace at 630 °C under air atmosphere, with a heating rate of 1 °C min
-1
 and a dwell time of 2.5 hr. 
The performance of each membrane was assessed by single gas permeance of He, H2, N2 and CO2 
at four different operation temperatures (200, 300, 400 and 500 °C) in a custom permeation rig 
(Figure 7.1). The permeate was collected at atmospheric pressure while the intermembrane pressure 
was kept constant at 400 kPa. A series of leak tests were run each time before membrane testing, to 
ensure that any problems associated with seal failure or membrane fractures were not present.  
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Figure 7.1: Single and mixed gas permeance rig. 
Positron annihilation lifetime spectroscopy (PALS) was carried on flat alumina supports made of 
α-alumina substrate and a thin layer of γ-alumina (provided by Forschungszentrum Jülich). Each 
support was dip coated with 4 active silica layers on a custom coater, taking into consideration 
similar parameters to the tubular membranes. The calcination procedure for each layer was the same 
as for the tube membranes. PALS was run at ELBE facilities in Helmholtz Zentrum Dresden 
(Germany) with a 30 MeV beam. Positron implantation energy was varied from 0.5 to 12 KeV 
providing an approximated depth profile between 0 and 1000 nm. Positron lifetime components 
were obtained through a quantified maximum entropy method. The porous volumetric fraction of 
silica layers was calculated averaging the shortest lifetime component (related with annihilation 
within material) along with silica thickness. 
Xerogel powders were prepared by drying sols in air atmosphere using an electric oven for 96 hours 
at 60 °C. The dried xerogels were then ground to a fine powder and stored in sealed containers. 
Subsequently, each sample was calcined in a similar manner as membrane films. The adsorption 
coverage of the calcined xerogels was assessed via volumetric measurement in a custom adsorption 
rig. Xerogels were exposed to pure He, H2, N2 and CO2 at different temperatures and the final 
equilibrium pressure was then registered. The isosteric heat of adsorption was finally calculated 
from the adsorption isotherm for each gas and material.  
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7.3 Results 
7.3.1 Membrane testing 
Figure 7.2 depicts the single gas permeance of He, H2, N2 and CO2 gases at various testing 
temperatures, through five distinct SCoSi-x membranes (where x represents the molar ratio of 
HTAB surfactant to cobalt). Helium permeance (Figure 7.2a) increases with increasing testing 
temperature for all values of x≤2, complying with an activated transport mechanism. The exception 
is for the C6-CoSi-3 membrane where there is virtually no change in permeation behaviour (after 
taking into account experimental error of ±8%) with temperature. Hydrogen permeation also shows 
evidence of activated transport as seen in Figure 7.2b. However, in this case the permeation 
increases with temperature only until x=1, with higher surfactant loading inducing a very small 
decrease in permeance with testing temperature. Membranes with intermediate ratios (x=1 and x=2) 
show a decreased permeance by almost five times as compared to the blank membrane (x=0). 
However, the permeance through the membrane prepared with the smallest amount of surfactant 
(x=0.5) increases by 30% and 180% for He and H2, respectively, compared to the blank membrane. 
Finally, for the highest surfactant loading (x=3) the permeance is 3 and 5 times higher than the 
blank membrane for both the He and H2 testing, respectively. These results suggest a complex 
relationship between pore size, pore volume and cobalt oxide functionality which will be explored 
in Section 7.3.2. 
In contrast to the transport of smaller gases, the permeance of larger gases is either virtually 
unaffected by temperature (N2 in Figure 7.2c) or decreases with increasing temperature (CO2 in 
Figure 7.2d) for almost all C6-CoSi-X membranes. These results again correlate well with the 
proposed activated transport mechanism for pure silica [26] and CoSi membranes [14]. For N2, 
there was minimal difference between the permeance observed for the blank membrane and those 
made of middle range loads, including the x=0.5 membrane (50% increase in average). For CO2, the 
equimolar membrane (x=1) shows no major differences compared to the blank membrane, while a 
threefold and fivefold higher permeance was observed in the x=2 and x=0.5 membranes, 
respectively. Finally, the highest surfactant load x=3 results in permeance 15 times higher than the 
blank membrane for both the N2 and CO2 gases, respectively. 
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Figure 7.2: Single gas permeance (±8%) as a function of temperature for membranes dip coated 
with 4 active layers of surfactant cobalt silica. Different surfactant loads are considered and a 
constant transmembrane pressure difference of 400 KPa. a) Helium; b) Hydrogen; c) Nitrogen; d) 
Carbon dioxide. 
The apparent activation energy derived from the single gas permeance for each one of the tested 
gases is depicted in Figure 7.3a. The apparent activation energy was calculated from the Arrhenius 
plots of the permeance values versus 1/T. Positive values for He can be observed. which remained 
almost unchanged with the incorporation of surfactant until loads of x=2. This trend reflects on the 
results of Figure 7.2a as a direct dependency of permenace with temperature for these membranes. 
It is then inferred that the presence of small micropores in the range 2–4 Å promotes a positive 
apparent activation energy [5]. In contrast, the membrane made with high surfactant concentration 
(x=3) shows a reduced value following the permeance trend with almost no temperature 
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dependency. For hydrogen, a reduction of the apparent activation energy can be noticed as 
surfactant load increases. This is in good agreement with the permeance trend where the activated 
transport dominates until x=1, whereas higher surfactant load induces a slight decrease of 
permeance with temperature. This reduction of activated transport may be related to either pore 
enlargement or an enhanced H2 adsorption. Taking into account the literature about adsorption 
properties of cobalt on H2 [27] and CO2 [28, 29], it seems that the latter factor might play a relevant 
role.  
It can also be observed from Figure 7.3a that the apparent activation energy for N2 permeance 
slightly increases as a result of surfactant incorporation but is most likely within the experimental 
error. The slightly negative or close to zero values suggest that nitrogen molecules may rather 
permeate through bigger pores where Knudsen mechanism dominates. A totally different influence 
is observed for CO2, as the apparent activation energy steeply increases from -12 to -4 kJ mol
-1
 as 
surfactant is incorporated, from the blank membrane to the x=0.5 membrane. This tendency is 
reflected in a lower temperature dependency in permeance as depicted in Figure 7.2d. This 
observation can be explained by an enhanced sorption affinity between the material and CO2 
molecules, as carbon dioxide has a tendency to be adsorbed on a variety of Co containing 
materials [30]. 
 
Figure 7.3: Apparent activation energy and kinetic size comparison. (a) Left: Variation of apparent 
activation energy for each single gas as surfactant load increases. (b) Right: Kinetic size influence 
on single gas permeation at 500 
o
C for different surfactant loads. 
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Figure 7.2b displays the permeance of single gases as a function of kinetic diameter for different 
surfactant load membranes operated at 500 °C. It is noticeable that there is a reduction of the 
permeance gap between small molecules (He and H2) and large molecules (N2 and CO2) as a 
function of surfactant load. This is likely associated with the broadening of the PSD with surfactant 
loads (see Chapter 5). Despite this, the low addition of surfactant (until x=1) seems to introduce a 
small variation in average pore size.  
Figure 7.4 depicts the selectivity (as ratios of the permeance of gases) of small molecules (He, H2) 
against N2 for different surfactant loads and operation temperatures. It can be noticed that low 
surfactant loads (x≤1) gave no major reduction in selectivities compared with the blank material. 
Selectivity values of around 25 at 500 °C for both helium and hydrogen can be observed at x=0.5. 
This represents a loss of 27% and 20% for helium and hydrogen, respectively, compared with the 
blank material. In contrast, a reduction of around 80% in separation factors was obtained when 
adding higher surfactant loads (x≥2). Selectivities for He and H2 over N2 plummet down to values 
close to the ideal Knudsen selectivity. These observations are in good agreement with the previous 
analysis, confirming a broadening of the PSD at high surfactant concentration. 
 
Figure 7.4: Selectivity of helium and hydrogen against nitrogen showing the influence of the 
operation temperature and surfactant load. (a) Left: Helium. (b) Right: Hydrogen. 
The higher selectivity attained at low temperature operation for membranes prepared with low 
surfactant load is certainly remarkable. The ability to separate helium or hydrogen from nitrogen at 
200 °C in SCoSi-0.5 represents an improvement of 31% and 97%, respectively, compared to the 
blank non-surfactant cobalt silica. For membranes prepared with the equimolar surfactant load 
(x=1), selectivities for both gases were almost the same as the blank membrane at 200 °C. In 
contrast, high operation temperatures showed lower selectivities for both gases. In particular for H2, 
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this bimodal outcome can be associated with the influence of surfactant structural modification on 
gas permeance and adsorption properties, thus affecting the apparent activated energy. The higher 
apparent activation energy for the blank membrane induces a major drop in H2 permeance as 
temperature decreases from 500 to 200 °C (40%), whereas surfactant containing materials show 
only a moderate drop (19% for x=0.5). As the apparent activation energy of N2 shows a minor 
modification with surfactant incorporation, then H2/N2 selectivity at low temperature increases. 
 
Figure 7.5: Selectivity of helium and hydrogen against carbon dioxide showing the influence of the 
operation temperature and surfactant load. (a) Left: Helium. (b) Right: Hydrogen. 
Selectivity of small gases against CO2 is displayed in Figure 7.5. Similarly to the previous 
selectivity analysis, values are higher at low surfactant concentration and decrease toward higher 
loads. Nevertheless, the incorporation of surfactant induces a considerable drop in selectivity at 
high operation temperatures (around 80% at 500 °C) compared to the blank non-surfactant cobalt 
silica membrane. This reduction can be associated with the alteration on the apparent activation 
energy for CO2 (Figure 7.3a) with increasing surfactant load. CO2 permeance significantly drops 
with rising temperature from 200 to 500 °C in cobalt silica membrane (73%) as depicted in Figure 
7.2d due to the very low negative apparent activation energy (-11 Kjmol
-1
). In contrast, activation 
energy numbers for surfactant containing membranes increase to values around -4 to -2 kJmol
-1
, 
resulting in a moderate drop in permeance (20% for x=0.5 and x=1). Accordingly, at high 
operational temperatures it is more likely to deliver higher selectivity with the blank membrane 
rather than those prepared with surfactant. Similarly to the previous analysis (for nitrogen), the case 
of membranes prepared with high surfactant loads (x≥2) depicts a reduced selectivity, around ideal 
Knudsen selectivity, again indicating the broadening of the PSD in these membranes. 
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7.3.2 Gas adsorption 
The adsorption isotherms for H2, N2 and CO2 for xerogels with different concentrations of 
embedded cobalt tetroxide are depicted in Figure 7.6. Materials showing low concentrations of 
Co3O4 within the silica matrix, as reported for the blank material (x=0), are depicted at the left 
column, whereas high tetroxide material, as reported for either x=0.5 or x=1, are shown in the 
figures at the right column. In general, both materials offer a linear dependency between gas 
adsorption and temperature correlating well with Henry’s law. It can be noticed that H2 adsorbs 
almost equally in both materials at room temperature. However, adsorption coverage reduces with 
temperature and at high tetroxide fraction. For CO2, low cobalt tetroxide material revealed a twofold 
superior uptake than that of high concentration material. In contrast, nitrogen shows almost equal 
adsorption values and trends for both materials. He is essentially a non-adsorbing gas and isotherms 
are now shown as adsorption does not occur. 
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Figure 7.6: Adsorption isotherm of H2, CO2 and N2 as function of the absolute system pressure. 
(Left column) Low tetroxide containing cobalt silica. (Right column) High tetroxide cobalt silica. 
The isosteric heat of adsorption for H2, CO2 and N2 as function of Co3O4 content is depicted in 
Figure 7.7. These values were calculated from the Arrhenius plot of the Henry’s adsorption constant 
for each isotherm versus 1/T. For N2, the material affinity seems unaltered with cobalt tetroxide 
concentration as the heat of adsorption barely changes (within the experimental error). On the 
contrary, a perceptible effect is observed for H2 and CO2, showing an opposite trend along the oxide 
concentration axis. This effect has not been previously reported in the literature. For the first time, 
this work shows that there is a relationship between the amount of the cobalt oxide phase as Co
3+
 or 
Co
2+
 and the adsorption of H2 and CO2. 
The affinity between material and CO2 is enhanced at low Co3O4 content (or high Co
2+
 coordination 
as ascertained in previous chapters) which is reflected by a large heat of adsorption (49 kJ mol
-1
), 
whereas it is reduced at high Co
3+
 concentration (26 Kjmol
-1
). This higher heat of adsorption 
explains the faster decrease of CO2 adsorption with temperature in low cobalt tetroxide as depicted 
in Figure 7.6. For H2, the opposite trend leads to a rise from 29 to 45 kJmol
-1
 as the Co
3+
 state 
increases. 
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Figure 7.7: Isosteric heat for single gas adsorption (CO2, N2 and H2) on materials with different 
amount of embedded tetroxide phase 
7.3.3 Micropore size base on the oscillator model and positron annihilation spectroscopy 
In order to provide further understanding on the effect of surfactant on the structural formation of 
the silica derived membranes, the oscillator model was used to determine the average pore size [31]. 
It is always difficult to determine the pore size of silica derived membranes by conventional 
characterisation methods such as N2 adsorption or microscopy, so qualitative correlation with 
xerogels is always used. Recently, Ji [32], with the support of Prof. Bhatia [31] who pioneered the 
oscillator model, developed this model for silica membranes. This oscillator model calculates the 
permeation of gas molecules based on fundamental Newton’s mechanics for a given porous 
material, temperature and pore size. It considers the variation of the Lennard Jones potential and 
momentum in each direction through cylindrical microporous channels. Thus, for each gas and 
temperature, the oscillator model simulates the permeation values through a range of given pore 
sizes as depicted in Appendix E (Figures E5 to E8). The experimental data from single gas 
permeation can be then easily correlated in order to estimate the average pore size. In this model, 
the diffusion coefficient expression is obtained from Eq. 7.1: 
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The Henry’s constant considering the radial potential profile is given by Eq. 7.2: 
2 0
2 ( )
( , ) exp
pr
p
p
r
K r T rdr
RTr RT
 
  
 
    (Eq.7.2) 
Gas permeance is finally given by Eq. 7.3: 
𝐽 =
𝐾(𝑟)𝐷(𝑟)
𝑅𝑇𝑙
      (Eq.7.3) 
The oscillator model predicts the diffusion coefficients and Henry’s constants at different 
temperatures. Hence, the diffusion activation energy 
dE and heat of adsorption Q  can be derived 
from these parameters using the oscillator model. Figure 7.8 displays the oscillator model’s average 
pore diameter for single gas permeance through tested membranes made of different surfactant 
concentration. Further outputs of the oscillator model are found in the appendix E (Figures E5 to 
E8). To provide more precision in this analysis, the porosity of the top cobalt silica layer of the 
membrane was calculated from PALS analysis (Table 7.1) and used to determine the pore size 
estimated from the oscillator model [31].  
Figure 7.8a shows that both small molecules (He and H2) have similar trends as the surfactant load 
increases. A slight pore size reduction of about 0.15 and 0.1 Å takes place for He and H2, 
respectively, with increasing surfactant load, showing a minimum at around x=1 for H2. A 
subsequent increase in pore size of about 0.3 Å can be seen for both gases at maximum surfactant 
load (x=3). This is in agreement with all the previous analysis suggesting a broadening of the PSD. 
The average pore size for the permeation of larger molecules (N2 and CO2) is displayed in Figure 
7.8b. There are small variations in pore sizes until x=2, possibly all within the experimental and 
method error. Thus, it seems that increasing the surfactant load does not introduce an appreciable 
alteration in the PSD at this particular range. In contrast, the maximum surfactant load (x=3) 
provides an increase of about 0.1 and 0.2 Å at for N2 and CO2 respectively, thus confirming pore 
size enlargement.  
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Figure 7.8: Average pore diameter connected with permeation of each single gas for membranes 
made of different surfactant loads. (a) Helium and hydrogen. (b) Nitrogen and carbon dioxide. Pore 
diameter was calculated using the Oscillator model considering cylindrical pores. Error bars shows 
a 95% confidence interval from experimental and method error. 
 
Table 7.1: Volume fraction of open space or porosity within thin films made of different surfactant 
loads. Bold values were obtained from PALS analysis on thin films (see Appendix E, Figures E1 to 
E4). A linear correlation (R
2
 0.992) provided the rest of the values. 
Surfactant/Co 0 0.25 0.5 1 2 3 
Porosity fraction  0.1905 0.1976 0.2047 0.2190 0.2475 0.2760 
 
7.4 Discussion 
In general terms the use of surfactant in the preparation of cobalt silica membranes has led to the 
expected outcome about reducing the separation ability of small gases based on the pore structures 
of xerogels determined in Chapters 3 and 4. A note of caution is important, as analysis of xerogels 
by nitrogen sorption isotherms generally tends to provide larger pore sizes than those observed in 
membranes. The reason for this difference is based on the fact that the very fast evaporation in silica 
thin films leads to a much more compact structure, whilst xerogels are bulk materials derived from 
slow evaporation rates. However, xerogel analysis is generally used in a qualitative approach, and 
provided that pore sizes are below 20 Å, there is a great probability that the pore size of membranes 
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will be in the molecular sieving range. This is in fact the case in this work, as many of the 
membranes tested delivered high selectivities and activated transport.  
Let us start with the ideal Knudsen selectivity values at high surfactant loads (x≥2) for gas 
separation, which correlates well with the enlargement of the porous structure from the xerogel 
work in Chapters 3 and 4. A particular aspect of these membranes is that the permeance increases 
for the larger molecules such as N2 and CO2. In the case of lower surfactant loads (x1) the higher 
gas selectivities and compliance with activated transport strongly suggest that molecular sieving 
structures with pore size constrictions between 2 and 4 Å was formed. Hence, this is conclusive 
evidence indicating the important presence of very small micropores in the case of membranes with 
low surfactant load.  
The almost unaltered or slightly smaller micropores revealed by the oscillator model are certainly 
unexpected, taking into consideration the surfactant ability to enhance porous structure and increase 
pore sizes [11]. Indeed, the overall PSD of surfactant materials indicates a slight broadening of the 
pore sizes as reported in Chapter 4. However, the activated transport coupled with separation factors 
for smaller gases (He and H2) concur with an almost unaltered presence of very small micropores. 
Moreover, pore sizes ranging 2 to 3 Å seem to allow for the diffusion of He and H2, whilst the 
larger molecules (CO2 and N2) can permeate only when pore sizes are in excess of 3 Å. However, 
the average pore size in the range 3–3.5 Å remains almost unaltered until a surfactant load of about 
x=2, implying in principle that there should be no major differences in permeation for CO2 and N2 
compared with the blank material, unless adsorption properties are strong.  
The influence of the cobalt oxide phase on the isosteric heat of adsorption for H2 and CO2 is 
intriguing and has not been previously reported in the literature. For CO2, the physical adsorption 
within silica material takes place preferably on silanol groups (Si–OH) [33]. Thus, the reported loss 
of material affinity with CO2 as cobalt tetroxide increases (Co
2+
 reduces) concurs with the slight 
reduction of silanol groups in these materials (See appendix E, Figure E9). Therefore, the reduction 
of silanol groups and the loss of Co
2+
 can be related with the thermodynamic changes of the CO2 
isosteric heat of adsorption. In contrast, the increased H2 adsorption as surfactant concentration 
increases can mostly be attributed to the increasing Co3O4 phase. Therefore, the novel 
functionalities observed for the first time in this work is a proof that the oxidation state of cobalt as 
Co
2+
 or Co
3+
 in the silica matrix has a strong influence in altering the thermodynamic properties 
associated with the isosteric heat of adsorption. 
Chapter 7 
100 
According to the activated transport theory proposed by Barrer [34], and used extensively in 
literature for silica membranes, the apparent activation energy (Eact) is a function of the energy of 
activation for diffusion (Ed) and the isosteric heat of adsorption (Qst) [35] as follows: 
           (Eq.7.4) 
Based on Eq.7.4, and the apparent activation energies from Figure 7.3a and the isosteric heat of 
adsorption in Figure 7.7, the activation energy of diffusion for the two adsorption loads x=0 and 
x=1 available are plotted in Figure 7.9. It is important to observe in this analysis that helium is 
essentially a non-adsorbing gas [36, 37], so Eact = Ed. In addition, the energy of diffusion increases 
as the size of the molecules increase for the same pore size [38]. This implies that as the pore 
increases in size, the same gas molecule requires less energy to be able to diffuse through the pore. 
Based on the activation energy of diffusion, Figure 7.9 is indicating that the average pore for 
diffusion of helium is very similar for x=0 and x=1. This faintly differs with the oscillator model 
which predicts a small variation in average pore size for similar material according to Figure 7.8. 
The activation energy of diffusion for He and H2 increased from ~5 to 40–20 kJ mol
-1
, respectively. 
There are two important aspects for consideration in here. First, the increase in the energy of 
diffusion is associated with an increase in molecular size. These results correlate well with 
molecular sizes, as the H2 molecule (dk=2.89Å) requires more energy to permeate through the 
membrane matrix than the He molecule (dk=2.6Å). The second point is related to the increase of the 
activation energy of diffusion for H2 from x=0 to x=1. This result correlates well with the 
oscillatory model which showed a minimum pore size for H2 permeation at x=1.  
In the case of larger gases, there is an increase in the activation energy of diffusion for N2, but this 
increase is within experimental error. Hence, this result also suggests a slight reduction of the pore 
size for the diffusion of N2, which also shows a good correlation with the oscillator model results in 
Figure 7.8b, again within the experimental error. However, the conventional activation transport 
model is not correlating well with the oscillator model for CO2 diffusion. The activation energy of 
diffusion for CO2 reduced, thus indicating that the pore size should increase accordingly. However, 
the oscillator model is showing that the average pore size for CO2 diffusion has slightly decreased 
or remained unaltered. 
Although there is a good correlation between the oscillator model and the activated transport model, 
the case for the diffusion of CO2 noticeably does not match these correlations. This could be 
attributed to the several factors. First, the fact that the oscillator model is providing information 
about average pore size and not PSD, introduces a variety of possible configuration of PSD related 
stdact QEE 
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with one singe value of average pore size. Thus, different average activation energy of diffusion can 
be expected for a specific gas molecule. Secondly, the oscillator model was used on the assumption 
that the Lenard-Jones parameters for the silica structure are the same as for the complex cobalt 
oxide silica structures which contains two cobalt oxidation states as Co
3+
 and Co
2+
. The Lenard-
Jones parameters for the complex cobalt oxide structures could not be found. Also there are 
experimental variations of adsorption and permeance measurements. The activation energy of 
diffusion is a type of lumped parameter in the activated transport model, giving qualitative 
information if pore sizes are increasing and decreasing only. It is not a quantitative model. To a 
large degree of certainty, the oscillator model goes a long way in endeavouring to determine the 
dimensions of pore sizes as constrictions in thin film silica matrices which otherwise are not 
available by other experimental or spectroscopic techniques. 
 
Figure 7.9: The activation energy of diffusion for membranes made of surfactant loads of x=0 and 
x=1.  
A simple observation of the trend shown by small micropores as function of surfactant load in the 
oscillator model (Figure 7.8a) brings into discussion the reported alteration of the Co3O4 phase. The 
material characterisation has revealed a prominent rise of cobalt tetroxide phase until x=1 and 
further reduction at higher loads. Indeed, XAS analysis (see Chapter 6) demonstrated a continuous 
shift from low valence to high valence oxide (CoO to Co3O4) when low surfactant loads are 
considered (x≤1). While the standard material has a dominant CoO phase, a dominant Co3O4 phase 
is present at x=1 (75% of the overall cobalt). This implies a change in cobalt morphology within the 
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silica matrix and a likely alteration of the porous structure surrounding the interface between silica 
and cobalt oxide. 
In the attempt to explain the functionality or influence of cobalt oxide tailoring on the observed 
trend of very small micropores whereby H2 or He rather permeate, a schematic representation of the 
silica-oxide interface is proposed in Figure 7.10. An approximate illustration of a 5 nm cobalt oxide 
crystallite embedded within the silica framework is depicted on the left side of this figure. The 
magnified interface between both phases (right side figure) is based on the coordinated bonds 
between cobalt and oxygen atoms from the silica framework (red arrows) [39]. As a result, small 
interstitial cavities acting as bottle necks may promote the transport of very small molecules such as 
H2 and He. The covalent nature of these coordinated bonds indicates a similar interatomic distance 
Co–O (γ) compared with those shared within the metal oxide structure (ϴ) [39-41]. Therefore, a 
different cavity dimension must be expected with a different embedded cobalt phase. Indeed, the 
structure of the two most common oxides (CoO and Co3O4) differs, regarding the inter-atomic 
distances.  
 
Figure 7.10: Schematic representation of the interface between silica matrix and embedded 
crystallite of cobalt oxide. Small interfacial cavities acting as bottle neck may facilitate the selective 
flux of small molecules. As the cobalt oxide phase is changed from CoO to Co3O4, The cavity size 
is altered due to the change of the displayed inter-atomic distances (ω, ϴ, γ). 
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In general, the octahedral structure of cobalt monoxide (100% Co
2+
) shows longer distances 
between the metal and surrounding atoms than cobalt tetroxide (67% of octahedral Co
3+
; 33% of 
tetrahedral Co
2+
) (see Table 7.2) [42-44]. The difference in Co–O bond length (ϴ; γ) is on average 
0.16 Å with a maximum of 0.2 Å for the particular case of Co
3+
. In addition, the nearest cobalt-
cobalt interatomic distance (ω) is 0.15 Å shorter in Co3O4 than CoO. Accordingly, smaller interface 
cavities may be formed by a silica material with a dominant embedded Co3O4 phase rather than a 
dominant monoxide phase. Considering a material with a 100% embedded monoxide phase as 
reference, the reduction of the interstitial cavities as Co3O4 phase increases may range between 0 
and 0.2 Å depending on the Co3O4/CoO ratio. The incorporation of surfactant in cobalt silica 
composites promotes the tetroxide phase which in turn may enhance the presence of smaller 
interface cavities, thereby facilitating the selective transport of small molecules. These constrictions 
are of ultra-micropore dimensions which supports the activated transport of smaller gases. In 
summary, two opposite structural re-arrangements are induced at the oxide-silica interface, 
depending on the oxidation state of cobalt as Co
3+
 or Co
2+
.  
Table 7.2: Nearest shell distances from cobalt atom for CoO and Co3O4 (Å). The displayed Co–O 
distance for tetroxide is an average between the distance of both Co
3+– O and Co2+– O. 
Bond CoO Co3O4 Difference References 
Co–O 2.09 1.93 (average) 0.16 [42-44] 
Co
3+– O - 1.89  [42, 43] 
Co
2+– O 2.09 1.98  [42, 43] 
Co–Co 3.01 2.86 0.15 [42-44] 
 
7.5 Conclusions 
The incorporation of a cationic surfactant as a secondary dopant component on cobalt containing 
silica has shown an alteration of gas permeation performance. High loads of surfactant increased 
gas permeance resulting in poor selectivities. This strongly suggests the broadening of the PSD into 
slightly larger pore sizes. Indeed, a size increment of about 10% was determined by the oscillator 
model for the average pore diameter in the range 2–3.5 Å. In the case of low surfactant addition 
(x≤1), higher selectivities were obtained for small gases particularly at low temperatures, even two-
fold superior than blank membrane.  
The performance of the cobalt silica membranes prepared with low surfactant load (x≤1) can be 
explained as a result of the enhanced cobalt tetroxide phase. First, the apparent activation energy 
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CO2 and H2 is affected by the cobalt phase nature. In fact, this work shows for the first time the 
anomalous effect of the influence of the oxidation state of cobalt in the silica membrane in the 
isosteric heat of adsorption. Materials with high cobalt tetroxide enhanced the heat of adsorption of 
H2, whilst reducing for CO2. Secondly, the dominance of tetroxide phase rather than monoxide 
decreases the interfacial distance between embedded oxide and silica framework. Smaller interfacial 
micro-cavities acting as bottle necks or constrictions within the porous structure are then promoted, 
slightly tailoring the PSD to the ultra-micropore region 2–4 Å. This slight micropore tailoring 
enhances the selective permeance of smaller molecules such as H2 and He over large molecules 
such as CO2 and N2. 
 
7.6 Nomenclature 
D diffusivity (m2 s-1) 
K Henry’s constant (mol m-3 Pa-1) 
m molecule mass (kg) 
pr     radial momentum (kg m s
-1
) 
pϴ   tangential momentum (kg m s
-1
) 
R gas constant (8.314J mol-1 K-1) 
r radial coordinate (m) 
rp pore radius (m) 
T temperature (K) 
J Permeation (mol s
-1
 m
-2
 Pa
-1
) 
L Membrane depth (m) 
Greek letters  
  angular coordinate (rad) 

 Lennard Jones potential (J) 
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Chapter 8  
8 Conclusions and Recommendations 
8.1 Conclusions 
A novel cobalt containing silica was prepared involving a small cationic surfactant based on a one 
step sol-gel process. A new functionality of halides was discovered which provided control over the 
oxidation state of cobalt particles embedded in silica matrices without altering the amount of cobalt 
precursor used. Hence, a novel oxidation mechanism was postulated whereby an improved 
formation of Co
3+
 phase as Co3O4 takes place by complexing halide counter-ions from cationic 
surfactants with cobalt during the sol-gel synthesis. As a result, the oxidation of cobalt was 
facilitated within the silica matrix. For materials prepared with high surfactant loads, the same novel 
coordination of cobalt also promoted interactions with surfactant heads which in turn inhibited the 
oxidation of cobalt throughout the heat treatment, thus preferentially forming Co
2+
 phase. 
The evolution of cobalt oxidation and structure of the novel surfactant cobalt silica through air 
calcination was then investigated in xerogels. It was noticed that structural properties for low 
surfactant samples (x≤1) remained almost unaltered after calcination at 400 °C, whereas in high 
surfactant loads (x≥2) the structural properties continued to evolve until temperatures near 600 °C. 
These variations in high surfactant materials was attributed to emerging interactions between Co-Br 
complexes and surfactant as stated in the oxidation model. These interactions involved retention of 
the surfactant’s head groups until high temperature (535 °C), thus altering the template effect on 
porous structure. In addition, the same interactions inhibit the oxidation of cobalt according to the 
postulated model. 
 
The influence of the alkyl tail length of the ammonium bromide surfactants on material properties 
was subsequently investigated by varying the number of carbon groups in the surfactant tail. It was 
found that low concentrations of all surfactants promoted the Co3O4 formation, concurring with the 
postulated oxidation model. Addition of C2-AB, C6-AB or C12-AB formed CoBrx
2-x
 species in 
equal amounts regardless of the surfactant tail length. The interrelation between mesoporous 
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structure and cobalt oxidation was evidenced in samples prepared with high concentrations of all 
surfactants and successfully correlated with emergent interactions between Co-Br and surfactant. As 
the tail length was increased, a major presence of these interactions was inferred as a drop of Co3O4 
formation and increased mesoporosity were observed at lower concentration of the longest 
surfactant. It was then postulated that there was a direct relation between the aggregation propensity 
of surfactant and the promotion of the metal-surfactant interactions. 
 
Advanced Synchrotron X-ray adsorption study was carried out on surfactant cobalt silica materials 
aiming to quantify the concentration of the oxidation state of the cobalt phases within the silica 
matrix. In line with the postulated oxidation model, it was found that the Co3O4 formation reached a 
maximum concentration in the equimolar sample (x=1). Further, there were three relevant local 
environments for cobalt depending on the amount of incorporated surfactant. Within the blank 
cobalt silica material (x=0), the cobalt preferentially formed a CoO like structure. The introduction 
of a cationic surfactant altered the cobalt neighbourhood, promoting Co3O4 like structures and 
closer Co–O–Co interactions. Finally, the excess surfactant appeared to hinder Co–O–Co 
interactions and instead promoted framework connectivity (Co–O–Si links). 
 
The gas separation performance of membranes prepared with surfactant cobalt silica as thin films 
was investigated. It was observed that the permeation performance of He, H2, N2 and CO2 varied 
depending upon the surfactant load. High loads of surfactant (x≥2) enhanced the gas permeance and 
dropped the selectivity suggesting slight enlargement of the pore size. The average pore size in the 
range 2–3.5 Å was found incremented by 10% for the highest surfactant load (x=3) as predicted by 
the oscillator model. In contrast, low surfactant addition (x≤1) offered rather similar performance 
than the blank material and superior selectivities when operating at low temperature. It was then 
suggested a prominent role of the enhanced cobalt tetroxide phase on the attractive gas separation 
performance of these materials. It was found for the first time that the cobalt phase affected the 
thermodynamic properties of the isosteric heat of adsorption for H2 and CO2. The cobalt phase 
predominance from CoO toward Co3O4 with increasing surfactant concentration (0≤x≤1), 
influenced the sorption ability of CO2 and H2 which in turn directly affected the activated transport 
and selectivity. These results strongly suggest that smaller interstitial cavities are promoted within 
the silica-oxide interface whereby the activated transport of small molecules (He, H2) is facilitated. 
 
Chapter 8 
110 
8.2 Recommendations 
 The reported tailoring ability on cobalt oxidation is basically governed by the presence of Co-
Br species within the silica matrix. The weak character of bromine as a ligand promotes 
oxidation throughout the heat treatment. Thus, changing the halide counter-ion (F, I, Cl) may 
provide a diversity of coordination strength between the halide and cobalt and different 
degrees of cobalt oxidation which should be systematically studied. 
 It is also of interest to investigate the effect of halide coordination on other embedded metals. 
Iron emerges as natural candidate considering the similar oxidation states and complexation 
chemistry compared with cobalt.  
 The Oscillator model should be further refined, particularly that the Lennard-Jones parameters 
should be determined for the complex interactions between the cobalt oxide phases and the 
silica structure.  
 Stability tests of xerogels and membranes made of surfactant cobalt silica is required to 
investigate the potential of these novel membranes for industrial gas separation, which quite 
often contains wet gas streams. Of particular importance, the role played by Co3O4 in 
different coordination state as ascertained in this thesis needs to be further understood under 
steam exposure. 
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Appendix A: Supplementary information for Chapter 3. 
Appendix B: Supplementary information for Chapter 4. 
Appendix C: Supplementary information for Chapter 5. 
Appendix D: Supplementary information for Chapter 6. 
Appendix E: Supplementary information for Chapter 7. 
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Appendix A 
As it appears in Scientific Reports, 2013, 3.
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Appendix B 
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Figure B. 1: Nitrogen adsorption-desorption isotherms for SCoSi-X (X varies from 0 to 3) made of 
HTAB (C6) surfactant and calcined at 400, 500 and 600 °C. 
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Figure B. 2: XPS high resolution spectrum of Co 2p3/2 zone for SCoSi-X xerogels (X varies from 0 
to 3) made of HTAB (C6) surfactant and calcined at 400, 500 and 600 °C. Peaks deconvolution is 
depicted for each material and calcination temperature and based on Figure B3 and table S1 in 
appendix C. 
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Figure B. 3: Reference deconvoluted XPS peaks at Co 2p3/2 zone from pure Co3O4. 
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Appendix C 
As it appears in RSC Advances, 2014, 4. 
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Appendix D 
 
Figure D1 shows the deconvolution of the pre-edge peaks as extracted from the XAS spectra.  A 
main peak was satisfactorily fitted at 7708.9 ±0.1 eV in each one of the materials (FWHM = 1.0 
eV), decreasing in intensity with the sequence Co3O4 >SCo-Si 0.0 > SCo-Si 1.0 > SCo-Si 3.0  
>CoO This trend was found to be replicated by a small peak (FWHM = 0.6 eV) at 7710.8 ±0.1 eV 
present in each of the spectra, except for CoO. In the case of, Co3O4 a third peak was required 
(7711.8 eV) for a satisfactory deconvolution. 
 
Figure D. 1: XANES pre-edge feature deconvolution of samples and the reference. 
According to previous literature, the pre-edge feature is connected with the intensification of 
electronic transition from K shell to the hybridised 3d-2p shells, which is promoted when inversion 
symmetry in a given structure is broken. CoO crystal structure is basically described as a symmetric 
octahedron with full inversion symmetry. Despite the forbidden status of electronic transition, a 
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small amount is generally visible in the related spectra as is depicted in figure 1. On the other hand, 
Co3O4 crystal structure presents a hybrid configuration with 2/3 of the metal as Co
3+ 
in octahedral 
configuration and 1/3 as Co
2+
 in a tetrahedral disposition. Due to the lack of inversion symmetry in 
a tetrahedron, transitions are promoted and more intense peak is visualized. Concordantly, cobalt 
tetroxide reference depicts almost 3.6 times higher intensity than CoO. Consequently, the main peak 
at 7708.9 eV provides a clear trend following the sequence SCo-Si 0.0 > SCo-Si 1.0 > SCo-Si 3.0, 
the data indicate a progressive increase in inversion symmetry around the Co sites. This increase in 
inversion symmetry may be due to either a loss of tetrahedral Co sites or other increases in 
inversion symmetry. 
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Appendix E 
 
 
Figure E. 1: Depth profile of the first five lifetime components obtained from positron annihilation 
on a thin layer made of C6-SCoSi-0. Top figure depicts the pore diameter variation along 
membrane depth for each lifetime component and its corresponding abundance (annihilation 
intensity) at the bottom figure. Lifetime components 2 to 5 represent the annihilation of positrons in 
voids, whilst lifetime component 1 represents annihilations within matter. 
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Figure E. 2: Depth profile of the first five lifetime components obtained from positron annihilation 
on a thin layer made of C6-SCoSi-1.0. Top figure depicts the pore diameter variation along 
membrane depth for each lifetime component and its corresponding abundance (annihilation 
intensity) at the bottom figure. Lifetime components 2 to 5 represent the annihilation of positrons in 
voids, whilst lifetime component 1 represents annihilations within matter. 
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Figure E. 3: Depth profile of the first five lifetime components obtained from positron annihilation 
on a thin layer made of C6-SCoSi-3.0. Top figure depicts the pore diameter variation along 
membrane depth for each lifetime component and its corresponding abundance (annihilation 
intensity) at the bottom figure. Lifetime components 2 to 5 represent the annihilation of positrons in 
voids, whilst lifetime component 1 represents annihilations within matter. 
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Figure E. 4: Linear correlation between porosity and surfactant load. Blue dots show values 
deducted from the intensity of lifetime component 1 in PALS analysis. 
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Figure E. 5: Predicted influence of temperature on the permeance of helium through silica 
membrane deducted from the oscillator model (200 nm thickness). Solid lines indicate fixed pore 
size from the model (nm), whilst marker depicts the real He permeance through the specified 
membrane MX (where x is cobalt/surfactant molar ratio). Adjusted tortuosity value is indicated for 
each membrane. 
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Figure E. 6: Predicted influence of temperature on the permeance of hydrogen through silica 
membrane deducted from the oscillator model (200 nm thickness). Solid lines indicate fixed pore 
size from the model (nm), whilst marker depicts the real H2 permeance through the specified 
membrane MX (where x is cobalt/surfactant molar ratio). Adjusted tortuosity value is indicated for 
each membrane. 
Appendices 
136 
  
  
  
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
0 200 400 600
P
er
m
ea
n
ce
 (
m
o
lm
-2
s-
1
P
a-
1
)
Temperature (°C)
0.3046
0.3276
0.3508
M0
τ = 6
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
0 200 400 600
P
er
m
ea
n
ce
 (
m
o
lm
-2
s-
1
P
a-
1
)
Temperature (°C)
0.3046
0.3276
0.3508
M0.25
τ = 6
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
0 200 400 600
P
er
m
ea
n
ce
 (
m
o
lm
-2
s-
1
P
a-
1
)
Temperature (°C)
0.3046
0.3276
0.3508
M0.5
τ = 6
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
0 200 400 600
P
er
m
ea
n
ce
 (
m
o
lm
-2
s-
1
P
a-
1
)
Temperature (°C)
0.3046
0.3276
0.3508
M1
τ = 6
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
0 200 400 600
P
er
m
ea
n
ce
 (
m
o
lm
-2
s-
1
P
a-
1
)
Temperature (°C)
0.3046
0.3276
0.3508
M2
τ = 6
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
0 200 400 600
P
er
m
ea
n
ce
 (
m
o
lm
-2
s-
1
P
a-
1
)
Temperature (°C)
0.3046
0.3276
0.3508
M3
τ = 4.5
Appendices 
137 
Figure E. 7: Predicted influence of temperature on the permeance of nitrogen through silica 
membrane deducted from the oscillator (200 nm thickness). Solid lines indicate fixed pore size from 
the model (nm), whilst marker depicts the real N2 permeance through the specified membrane MX 
(where x is cobalt/surfactant molar ratio). Adjusted tortuosity value is indicated for each membrane. 
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Figure E. 8: Predicted influence of temperature on the permeance of carbon dioxide through silica 
membrane deducted from the oscillator model (200 nm thickness). Solid lines indicate fixed pore 
size from the model (nm), whilst marker depicts the real CO2 permeance through the specified 
membrane MX (where x is cobalt/surfactant molar ratio). Adjusted tortuosity value is indicated for 
each membrane. 
 
 
Figure E. 9: FTIR Intensity ratio between silanol peak (940 cm
-1
) and normalized siloxane peak 
(1040 cm
-1
) for C6-SCoSi xerogels calcined at 600 °C. Error bars depicts the 95% confidence 
interval. 
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